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INVESTIGATION OF AGEING EFFECTS ON COMMERCIAL LiFePO4 
CATHODE MATERIAL 
SUMMARY 
 
Today’s consumer market plays a great role in the improvements of rechargeable 
energy storage systems (ESS) due to increasing technological demands in portable 
devices and EV/HEV/PHEV applications. In order to meet ESS’s requirements many 
studies have been focused in lithium ion batteries (LIBs) to improve their existing 
performance. For this purpose, graphite, Sn, Si and intermetallic materials have been 
developed as anode materials. Graphite, high specific capacity and good cyclability, 
is commonly used in LIBs. There are also some cathode materials that have been 
studied such as LiCoO2; LiNiO2, LiMnO2, LiMn2O4, and LiMPO4 (M=Fe, Mn, Co, 
Ni). In these cathode materials, carbon coated LiFePO4 (C-LiFePO4) which has 
olivine crystal structure is the best candidate for LIB applications because of its high 
cyclability and stability over a wide range of temperatures as well as its safety and 
low cost. On the other hand, capacity and power loss are still a hindrance for 
commercialization of C-LiFePO4 due to ageing. Ageing occurs as a result of phase 
transformations in active material, the decomposition and the structural deformation 
of cell components during operation. Hence, this study aims to investigate ageing 
effects of the commercially available C-LiFePO4 cathode material. A lithium ion cell 
has been comprised of an cathode and a graphite anode.  
Galvonastatic battery cycling tests (100, 200, 300, 400, 500, 600, 700, 1000 cycles) 
have been carried out in order to clarify the ageing effect on the C-LiFePO4. In 
addition, cycle tests using diffrent cycling parameter (i.e. current, voltage) have been 
made taking various ambient temperatures. EIS measurements are conducted to 
determine impedance changes on the cathode material.  
Series of qualitative analysis have been conducted after cycle tests. XRD 
measurements have been performed in order to understand the structural changes in 
the olivine crystal structure of C-LiFePO4. Raman Spectroscopy have been used to 
determine the changes on the carbon coating. The morphology of the cathodes has 
been investigated using SEM. Qualitative analyses result and cycle test results have 
been discussed to understand the ageing behaviors of the C-LiFePO4. 
In summary, high charge current was found to affect the reachable capacity and 
capacity fading characteristic profoundly. Additionally, loss of cyclable lithium was 
found to be main reason to capacity fading during ageing, followed by accelerated 
deformation of the C-LiFePO4 cathode material and the deformation of carbon 
coating towards the end of the cycle tests. The conductivity of the cathode material 
was found to be responsible for impedance increase in the LIBs. Temperature rise 
was observed as activator to increase reachable capacity but it leads to increment of 
impedance and capacity fading at the same time. 
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YAŞLANMANIN TİCARİ LiFePO4 KATOT MALZEMESI ÜZERİNDEKİ 
ETKİLERİNİN İNCELENMESİ 
ÖZET 
Günümüzün gelişen teknolojisi ile birlikte taşınabilen elektronik cihazlar hayatımızın 
bir parçası haline gelmiştir. Buna ek olarak karbon salınımı gibi olumsuz çevresel 
etkileri ve tükenen fosil yakıtlar sebebiyle değişim sürecine giren içten yanmalı 
motor teknolojisi kendisine en iyi alternatif olan elektrikli araç teknolojisine doğru 
geçiş göstermektedir. Elektrikli uygulama alanlarındaki bu talep artışı şarj edilebilir 
ve uzun kullanım ömrüne sahip enerji depolama sistemlerinin gelişimini gerekli 
kılmaktadır. Bu bağlamda araştırmacılar enerji depolama sistemleri bazında en iyi 
performansı veren ve şarj edilebilen lityum iyon pillerinin performanslarının 
arttırılması üzerine çalışmalar yürütmektedirler.  
Şarj edilebilir lityum iyon pillerinin gelişimi yüksek kapasite ve uzun kullanım 
ömrüne sahip katot ve anot malzemelerindeki gelişim ile paralel olarak 
gerçekleşmektedir. Bu bağlamda anot malzemesi üzerine yapılan çalışmalar sonucu 
olarak grafit, Sn, Si ve intermetalik malzemeler başta olmak üzere çeşitli anot 
malzemeleri geliştirilmiştir. Bu malzemeler içeresinden grafit, yüksek kapasitesi ve 
uzun kullanım ömrü gibi özellikleri sebebi ile lityum iyon pil uygulamalarında en 
yaygın kullanılan anot malzemelerinden biridir. Diğer taraftan lityum iyon pillerinin 
kapasitesini sınırlayan bileşen olan katot malzemesi alanındaki çalışmalar ise başta 
LiNiO2, LiMnO2, LiMn2O4 ve LiMPO4 (M=Fe, Mn, Co, Ni)  gibi inorganik oksitler 
olmak üzere yüksek spesifik kapasite değerleri sağlayacak yeni malzemeler üzerinde 
odaklanmıştır.  Bu katot malzemeler arasında karbon kaplı olivine LiFePO4 (C-
LiFePO4) uzun servis ömrü ve geniş sıcaklık aralıklarında kullanılabilirliğinin yanı 
sıra ucuzluğu ve güvenilirliği sebebiyle lityum iyon pil uygulamaları için iyi bir katot 
adayıdır. Gelecek vadeden bu özellikleri sebebiyle grafit ve C-LiFePO4 elektrotlar bu 
çalışmada test edilen lityum iyon pillerinde kullanılmışlardır. 
Diğer batarya teknolojilerine kıyasla birçok olumlu özelliklerinin bulunmasına 
karşın, lityum iyon pillerinin kullanımı gerek kullanım sırasında gerekse enerji 
depolama sürecinde pil bileşenlerinin davranışlarında meydana gelen ve yaşlanma 
olarak adlandırılan istenmeyen değişimler sebebi ile kısıtlanmaktadır. Bu yaşlanma 
olayı aktif kullanım (cevrim süresince) ve enerji depolama süresince olmak üzere iki 
ana başlıkta incelenmektedir. Cevrim süresince meydana gelen yaşlanma olayı 
lityum iyonlarının hareketine bağlı olarak elektrot aktif malzemesin kristal yapısında 
meydana gelen değişimler ve bu değişimlere bağlı deformasyon şeklinde kendini 
gösterirken yine lityum iyon hareketlerinin seperatör ve elektrolit gibi pil 
bileşenlerinin özelliklerini olumsuz yönde etkilemesi şeklinde gözlemlenir. Enerji 
depolama süresince gözlemlenen yaşlanma olayı ise başta elektrolit olmak üzere 
kimyasal açıdan aktif pil bileşenlerinin zamanla meydana gelen istenmeyen kimyasal 
reaksiyonlar sonucu bozulması ve bu reaksiyonlar sonucu oluşan ürünlerin pil 
sisteminin dengesini bozması şeklinde gözlemlenir. Yaşlanma etkilerinin sonucu 
olarak pilin  enerji  depolama  ve  güç performanslarında düşüşün yanı  sıra  kullanım  
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ömründe kısalma gibi olumsuzluklar gözlemlenmektedir. Bu sebepten dolayı pillerin 
ve özellikle lityum iyon bataryada kapasiteyi sınırlayan faktör olan katot 
malzemesinin yaşlanma mekanizmasını anlamak daha uzun ömürlü ve daha yüksek 
kapasite değerine olanak sağlayacak malzeme gelişimi için büyük önem teşkil 
etmektedir. Bu sebepden dolayı bu çalışmada ticari olarak kullanımda olan C-
LiFePO4 katot malzemesi üzerimdeki yaşlanma etkileri incelenerek ticari 
uygulamalarda karşılaşılabilecek sorunlar gözlemlenmiştir. 
Çalışma kapsamında cevrim testleri argon atmosfer altında birleştirilen düğme tipi 
(saat pili) ve Swagelok T tipi LiFePO4/Grafit lityum iyon pilleri kullanılarak 
gerçekleştirilmiştir. Birleştirmeişlemini takiben lityum iyon pillerini ve özellikle C-
LiFePO4 elektrodu yaşlandırmak için iki gurpu altında çeşitli cevrim testleri 
gerçekleştirilmiştir. 
Deneysel çalışmanın büyük kısmini kapsayan ilk grup cevrim terslerinde sadece 
cevrim sayılarının değiştirildiği (100, 200, 300, 400, 500, 600, 700, 1000 çevrim) ve 
diğer parametrelerin (voltaj, akım ve sıcaklık) sabit alındığı galvanostatik çevrim 
testleri 1 mA şarj/deşarj akımı ve 2.0-3.6 V potansiyel aralığında düğme pilleri 
kullanılarak gerçekleştirilmiştir. Bu farklı cevrim saylarındaki testlerden sonra 
elektrokimyasal empedans spektroskopi (EIS) ölçümleri yapılarak farklı cevrimler 
sonrası empedansta meydana gelen değişiklikler incelenmiştir. EIS ölçümlerinden 
devamında argon atmosfer altında piller açılarak C-LiFePO4 katot üzerinde Raman, 
XRD ve SEM karakterizasyon analizleri gerçekleştirilerek katot yapısındaki 
değişmeler araştırılmıştır. Malzeme karakterizasyon analizlerinden elde edilen 
sonuçlar ve cevrim testlerinde elde edilen veriler birbirleri ile ilişkilendirilerek 
lityum iyon pilinin performans değişiminin C-LiFePO4 katot malzemesinde meydana 
gelen yapısal değişimler ile bağlantısı incelenmiştir. Ayrıca elektrotların yaslanma 
sonrası spesifik kapasitelerindeki değişimleri belirlemek için 200 çevrim ile 
yaslandırılmış elektrotlar kullanılarak yarı hücre çevrim testleri gerçekleştirilmiştir. 
Bu ilk grup cevrim testlerinde düğme hücrelerin yanı sıra referans elektrot tekniği ile 
daha ayrıntılı empedans ölçümlerine olanak sağlayan üç elektrot yuvasına sahip 
Swagelog T tipi pil hücreleri EIS ölçümlerinde kullanılmıştır.  
İkinci grup cevrim testlerinde ise deneysel tasarım yaklaşımı kullanılarak 2 seviyeli 
olarak seçilen 3 parametrenin (ilk cevrim akımı, şarj voltajı ve ortam sıcaklığı) 
kapasite düşüşü üzerine etkisi 23 tam faktöriyel deneysel tasarım matrisi kullnılarak 
21 cevrim testi üzerinden incelenmiştir. İlk cevrimsonunda büyük oranda oluşumunu 
tamamlayan pasivasyon filminin kapasite düşüşü üzerindeki etkisi incelemek için ilk 
cevrim akımı parametre olarak seçilerek, 0.3 mA ve 1.0 mA şarj/deşarj akım 
seviyelerinde incelenmiştir. C-LiFePO4 katodik reaksiyonunun redoks potansiyeli 3.5 
V civarı olmasına karşın bu çalışma kapsamında alınan 3.6 V ve 4V şarj voltaj 
değerleri ile bu parametrenin kapasite düşüşü üzerindeki etkisi araştırılmıştır. Son 
parametre olan ortam sıcaklı 25 °C ve 50 °C alınarak bu sıcaklık değişiminin 
kapasite düşüşü üzerindeki etkisi incelenmiştir. Kapasite düşüş hesabı 21. ve 2. 
çevrimde elde edilen şarj kapasite farkları alınarak hesaplanmış ve sonuçlar Minitab® 
programı kullanılarak istatiksel olarak analiz edilmiştir. Bu analizlere ilaveten, 
çevrim testleri sonrasında EIS ölçümleri yapılarak parametrelerin empedans 
üzerindeki etkileri araştırılmıştır.   
Birinci grupta gerçekleştirilen değişik çevrim sayılarındaki düğme pil çevrim 
testlerinden sonra C-LiFePO4 katot malzemesi üzerinde gerçekleştirilen bir dizi 
karakterizasyon  analizi  ile   C-LiFePO4’ de  meydana gelen  morfolojik   ve  yapısal  
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değişimler incelenmiştir. Bu bağlamda gerçekleştirilen XRD analizleriyle LiFePO4 
olivin kristal yapısında meydana  gelen yapısal değişimler  ve  bu değişimlerin kristal 
yapı üzenindeki etkileri araştırılırmıştır. Raman spektroskopisi ölçümleri ile katot 
üzerindeki karbon kaplamada meydana gelen değişimler belirlenmiştir. Katot 
malzemesinde meydana gelen morfolojik değişimler ise SEM kullanılarak 
belirlenmiştir. Gerçekleştirilen bu analizlerin sonuçları ve cevrim testinde elde edilen 
veriler birlikte değerlendirilerek yaşlanmanın çevrime bağlı olarak pil performansı 
üzerindeki etkileri incelenmiştir. 
Sonuç olarak, yüksek şarj ve deşarj akımlarının lityum iyon pilinin dolayısıyla katot 
malzemesinin ulaşabildiği kapasite değerlerini ve kapasite düşüş karakteristiğini 
olumsuz yönde etkilediği anlaşılmış ve kapasite düşüşündeki ana etkenin lityum iyon 
batarya içerisindeki aktif lityum iyon miktarındaki azalma olduğu belirlenmiştir. 
Lityum iyon bataryanın toplam empedansındaki en büyük katkının katot malzemesi 
kaynaklı olduğu fakat çevrimler sonrası meydana gelen empedans artışında katot 
malzemesinin rolünün diğer bileşenlere göre daha az olduğu anlaşılmıştır. Bir cevrim 
süresince meydana gelen LiFePO4 ile FePO4 arasındaki çift taraflı faz 
dönüşümlerinin kristal kafeste değişikliklere yol açtığı fakat artan çevrim sayısının 
LiFePO4 kristal yapısında fazla bir değişikliğe yol açmadığı buna karşın çok 
kullanım süresince çok sayıda tekrarlanan bu faz dönüşümlerinin aktif malzemede iç 
gerilmelere ve yorulmaya yol açabileceği bununda cevrim testlerinden sonra 
gerçekleştirilen karakteriyaszon analizleri sonucu C-LiFePO4 partiküllerinde 
gözlemlenen mikro çatlakların, yüzey bozulmalarının ve katot yüzeyindeki karbon 
kaplamadaki kalite düşüşünün nedeni olabileceği kanısına varılmıştır. Buna ilaveten 
sıcaklık artışının katot malzemesinin ulaşabileceği maksimum kapasiteyi artırıcı 
etkisi olduğu fakat aynı zamanda kapasite düşüşünü ve empedans artışını tetiklediği 
görülmüştür. 
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1. INTRODUCTION 
The importance of energy storage technology has been escalated due to high 
consumer demands on portable electronic consumer devices (cell phones, laptop 
computers etc.), electric vehicles and large-scale electricity storage systems in smart 
or intelligent grids (see Figure 1.1). With increasing application areas, the lifetime 
and stability of capacity are becoming key research areas especially for economical 
and environmental concerns. In order to develop the lifetime of the lithium-ion 
batteries for commercial applications the ageing behavior of batteries need to be 
investigated. Ageing in LIBs results capacity fading, loss of power, and safety 
problems (i.e. explosion, noxious and environmental effects) [2]. In order to 
understand and overcome problems take place in LIBs, numerous studies have been 
carried out [3-13]. 
LIBs have different components such as anode, cathode and electrolyte and each one 
has different ageing behavior. It is worth to note that the ageing does not depend only 
a parameter but also there are many parameters effect the ageing along with their 
interactions [4]. Parameters effect the ageing process of LIBs given in Figure 1.2. 
Figure 1.1 : Application areas of lithium ion batteries [1]. 
2 
Especially, the active materials used, manufacture,the way costumer use these battery 
during operations, and environmental conditions of LIBs are most important 
parameters. 
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Figure 1.2 : Main parameters affect the capacity fading of LIBs. 
Main causes for capacity and power loss are phase transformation in active material, 
the decomposition and the structural deformation of cell components during ageing. 
In LIBs ageing could also occur during usage or storage. Ageing during storage is 
mainly results from side reactions because of the thermodynamic instability of active 
materials. Ageing during usage takes place due to the reversible degradation of active 
materials during intercalation process [5]. 
There are some cathode materials for LIB applications such as LiCoO2; layered 
LiNiO2, LiMnO2, spinel LiMn2O4, olivine LiMPO4 (M=Fe, Mn, Co, Ni). In these 
cathode materials, LiFePO4 is the best alternative for LIBs applications due to it is 
cyclability, stability over a wide range of temperatures, safety, and low cost. 
This study focuses on the investigation of ageing behavior of commercially used C-
LiFePO4 based cathode materials. In the study, the capacity and the microstructural 
changes of the C-LiFePO4 electrode have been subjected to various numbers of 
cycles. In order for the cathode characterization a series of EIS, Raman spectroscopy, 
XRD, and SEM measurements have been performed. 
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2. LITERATURE REVIEW 
2.1 Introduction to Lithium-Ion Batteries  
In 1992, Sony envisaged the first commercial rechargeable LIBs and other 
manufacturers followed [14]. In this commercially available batteries LiCoO2 is used 
as lithium source material and lithium metal is replaced by C, Sn, Si and 
intermetallic materials as anode due to large redox potential of metallic lithium to 
other metal components (Mn
3+
/Mn
2+
 ≈ 4.1 V, Co3+/Co2+ ≈ 4.7 V and Fe3+/Fe2 + ≈ 3.5 
V) of the cell. Thus, make lithium material highly reactive. Therefore, safety 
concerns are directed studies to use of lithium ions, even though lithium ions have 
lower energy density [17].  
Figure 2.1 reveals that lithium-ion cells store more energy compared to other battery 
technologies in relation to mass and volume. Highest energy density in lithium-ion 
batteries has made a fast growth in popular device markets such as mobile phones, 
laptop computers and electrical vehicles.  
Added to its high energy density there are many advantages of LIBs such as having 
low self-discharge rate of  2-3% per month, long cycle life up to 5,000 cycles for 
special applications, and high operation temperature range between -10   to 60  
Figure 2.1 : Energy storage performance of different battery technologies [15]. 
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[15, 16]. This range is very convenient for consumer electronics and hybrid electrical 
vehicles as shown in Figure 2.2. One of the distinguished advantage is having no 
memory effect (loss of capacity on shallow cycling) which, can typically be seen in 
nickel-cadmium batteries. 
There are some disadvantages of LIBs. Firstly, they are more expensive than similar 
capacity NiMH or NiCd batteries, because of complex manufacturing processes. 
Another limitation is preservation of current and voltage within safe limits, otherwise 
exceeding these limits can lead to break down or explosion of the cell.  
The most common disadvantage of LIBs is ageing leads to decrease of capacity 
either on rest or on cycling. Ageing can be realized after the first year of service as a 
capacity decrease and power fading in the batteries and it could be a serious problem 
after three or four years of service life. Ageing can occur as a result of the 
decomposition of active material, separator, current collector and electrolyte, and the 
irreversible reactions of active materials with electrolyte at electrode interface. 
2.1.1 How a lithium ion battery works 
Understanding of working principles is important in order to prolong the service life 
of LIBs. Figure 2.3 illustrates the schematic of a LIB. The electrochemical process, 
which drives the LIB, is based on a reversible movement of lithium ions between 
electrodes. The positive and negative electrodes have usually layered structures to 
facilitate intercalation of lithium ions. As shown in Figure 2.3, during charge, the 
Figure 2.2 : Temperature range for Li-ion battery markets, which must satisfy the needs of 
different kind of market of usage [16]. 
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Discharg
e 
Charge 
lithium-ions move from positive to negative electrode through electrolyte and 
separator, and during discharge vice versa. In this process, no lithium-metal phase is 
formed and ions move back and forth making intercalation. Because of this ion 
intercalation, LIBs are also known as “rocking-chair” batteries. Following reversible 
electrochemical reaction (Equation 2.1) occurs charging and discharging of LIBs 
[18]: 
LiMO2          +      yC                                Li(1−x)MO2       +         LixCy,    x∼0.5, y= 6, 
(Cathode)       (Anode)                   (Delithiated Cathode)   (Lithiated Anode) 
(2.1)  
2.1.1.1 LiFePO4/FePO4 interface movement models  
The ionic conductivity through active material in LiFePO4 is important, to 
understand the capacity change and intercalation mechanism. Previous studies have 
reported that a lithium movement during the intercalation/deintercalation varies 
depending on the crystal structure of electrodes. LiFePO4 has an olivine structure as 
seen in Figure 2.14. Lithiums are sequentially located towards the b-direction. 
During the cycles, lithium ions have to overcome an energy barrier to move from one 
unit cell to the next one. Energy barriers for the b-direction and c-direction are 0.55 
eV and 2.89 eV, respectively According to the second law of thermodynamics, the 
lithium ions will move along the direction that requires minimum energy, so they 
will “slalom” in the b-direction. The motion is then one-dimensional. This 
information is not enough to understand the ionic conductivity in the intercalation 
process, because the motions of neighboring Li-ions are correlated. This correlation 
can be  defined by the interface of active material where LiFePO4 and FePO4 phases 
coexist [19]. There is a large volume of published studies describing the 
Figure 2.3 : Reaction mechanism of a lithium-ion cell [18].  
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displacement of the interface to model the lithium ion insertion/extraction process. 
There are different models and each model has its own different aspect ratio for the 
displacement of the interface [20 - 24]. 
The first and the most accepted model is “shrinking-core” model that was introduced 
by Padhi et al. According to this model, lithium transfer start on the surface of the 
LiFePO4 particle and then proceeds inwards. In this process, the core of one phase is 
covered with a shell of second phase [21]. Srinivasan et al. confirmed this model by 
measuring the continuous deviation of the Voc at the beginning of the discharge and 
to the end of it. This deviation of Voc could be the result of single-phase region 
outside the two-phase coexistence region. Figure 2.4 sketches to the shrinking-core 
model during the discharge process: after small amount of lithium ion (α) intercalates 
in to lattice of FePO4 that form LiαFePO4, the more intercalation results in phase 
separation with the formation of a new Li-rich phase, Li1-βFePO4, where β can be 
expected to be close the zero. Also this process is reversible on charge [22].  
Second model is “domino-cascade” model developed by Delmas et al. As seen in 
Figure 2.5, this model considers structural constraints, also influence of the reaction 
interface. In this model, interface is restricted by one FePO4 block and the 
minimization of the elastic energy, which is because of the structural constraints, 
improves the intercalation/deintercalation process that takes place as a wave moving 
through the entire crystal. According to “domino-cascade”, speed of the phase 
Figure 2.4 : Schematic representation of “shrinking-core” model during the discharge 
process of LiFePO4 [22].  
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boundaries is extremely high, therefore no particle with the mixing phases can be 
occur in intercalation/deintercalation process. As a result of this, particles are either 
LiFePO4 or FePO4 [23]. 
The “new shrinking-core” model lithium ions can only move asynchronously in 
[010] direction in the LiFePO4 framework as seen in Figure 2.6. During the charge 
and discharge, LiFePO4/FePO4 system has the same structure with a LiFePO4 core 
and FePO4 shell. Classical shrinking-core model give very simple image for the 
lithium intercalation/deintercalation process and suggests the anisotropy arising do 
not have effect but fact that ion and also electron motions in LiFePO4 are forced to 
olivine structure and new shrinking-core model consider this motions [24]. 
Figure 2.5 : Schematic representation of the "domino-cascade" model for Lithium                         
intercalation/ deintercalation mechanism in LiFePO4 [24]. 
Figure 2.6 :   Schematic representation of the interfacial evolution during delithiation and 
lithiation, deduced from high-resolution electron energy loss spectroscopy 
(HREELS) [24]. 
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Figure 2.6 sketches to the new shrinking-core model, small vertical arrows indicates 
the movement of (Li
+
, e
-
) pairs, the longest ones symbolizing an energetically 
favored extraction/insertion from/into the channels. The large red arrows indicate the 
direction in which the interfacial region is moving. Note that (i) similar sketches 
could be made in every plane containing the b-axis; (ii) the difference in lattice 
parameters of LiFePO4 and FePO4 is not taken into account in those schemes; and 
(iii) the number of LiFePO4 (or FePO4) unit cells within a particle has been reduced 
to about ten for clarity  
2.1.2 Components of the lithium-ion battery 
Components in LIB are illustrated in Figure 2.7. Typical commercially used LIB 
contains a graphite anode (e.g. mesocarbon microbeads, MCMB), a metal oxide 
cathode (LiMO2, e.g. LiCoO2), a permeable membrane separator (polypropylene 
(PP), polyethylene (PE), or trilayer (PP/PE/PP)) for lithium ions and electrolyte 
having lithium salt (e.g. Lithiumhexafluorophosphate, LiPF6) in a mixed organic 
solvent (e.g. ethylene carbonate–dimethyl carbonate, EC–DMC) [2, 25].  
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Figure 2.7 : Classification of the most commen components of the Li-Ion battery 
components [2, 17, 25, 26]. 
2.1.2.1 Cathode material 
Cathode material, also known as, positive electrode is a lithiated metal oxide. 
LiCoO2 is the first cathode material for LIBs developed by Goodenough and 
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Mizushima, which was then marketed by Sony. With developing technologies, high 
performance and low cost materials have become requirements for LIBs. In 
accordance with this purpose, studies have been focused on to development of new 
materials with low cost or with higher columbic capacity [27]. 
Cathode material must have following requirements [17, 27]: 
 High Gibbs free energy with lithium (ΔG) 
 Large incorporation quality of lithium 
 Reversible incorporation with lithium  
 No structural change during intercelation 
 High lithium ion diffusivity 
 Good electrical conductivity 
 No chemical reaction with electrolyte during the cycling.  
 Low material cost 
 Low synthesis cost 
 Safe and eco friendly 
For high capacity, cathode materials must interact with as much lithium ions as 
possible. This brings the necessity of lithium diffusion to the cathode. To provide 
these requirements, most positive electrodes are made from powder so that ions can 
easily move inside the electrode materials as shown in Figure 2.8. The grain size 
reduction in electrodes increases the surface area of active cathode material and help 
for ion diffusion in this structure.  
Figure 2.8 : Porous electrode structure, where mechanism of electrical and ionic 
conductivity can be seen [28]. 
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The thickness of positive electrode is another important factor that has an influence 
on the output power of batteries due to electrode resistance. That is why thin 
electrodes have low resistance and can produce higher power. Nevertheless, the 
amount of active material is a main factor for capacity so these two factors must be 
taken into account for cathode materials [28]. 
In order to meet all these requirements, new cathode materials have been developed 
and many of them are commercially on markets. These new generation cathode 
materials are mostly used as composite electrodes. They include more than 85% 
lithiated metal oxide as active mass, and less than 10% polymeric binder with 
aluminum current collector [2]. Despite all new developments in cathode materials, 
capacity is still far less than anode materials as shown in Figure 2.9 [17]. Therefore, 
researches to increase the specific capacity of cathode materials are directly relevant 
to the capacity of LIBs. 
Environmental requirements, toxicity, recycling, and disuse of battery materials are 
becoming hot issues. That is why researches have been focus on the organic battery 
components there is potential for renewable and sustainable lithium batteries, e.g. by 
using biomass as starting material [26] All commercially avliable materials for active 
mass are divided in two general classes in lithium-ion batteries: inorganic cathode 
materials and organic materials. Inorganic cathode materials classification could be 
made according to crystal structure into three kind of metal compounds (layered, 
spinel and olivine structure) as illustrated in Figure 2.10. [17]. 
Figure 2.9 : Voltage versus capacity for cathode and anode materials [17].  
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Figure 2.10 : Classification of cathode materials [17,26]. 
Inorganic cathode materials 
New generation inorganic cathode materials such as layered LiNiO2, LiMnO2, spinel 
LiMn2O4, and olivine LiMPO4 have been developed after the commercialization of 
LiCoO2 for large-scale applications for LIBs. 
Table 2.1 : The properties of inorganic cathode materials [17, 31-33]. 
Name of Cathode 
Material 
Theoretical specific 
capacity (mAh/g) 
Practical specific 
capacity (mAh/g) 
Voltage range 
(Volt) 
LiCoO2 274
 
135 3.0-4.2 
LiNiO2 276 180 2.5-4.1 
LiMnO2 285 200 2.5-4.3 
LiMn2O4 148 130 3.5-4.3 
LiFePO4 170 130 ≈ 3.4 
The properties of commonly used inorganic cathode materials are given in Table 2.1. 
Each cathode material has advantages and disadvantages, which are basically 
described in this section. 
LiCoO2  
The first commercial cathode material, LiCoO2, for rechargeable LIBs has layered α-
NaFeO4 structure and has a cubic close-packed (ccp) oxygen lattice [17]. The 
theoretical capacity of LiCoO2 is around 274 mAh/g but a stable de-intercalated 
structure can only be obtained by 50% lithium removal due to the structural 
12 
instability, which limits the maximum partial specific capacity of LiCoO2 to 135 
mAh/g
 
. Other disadvantages of LiCoO2 are being unsafe  toxic, and costly. That is 
why this material is not ideal for large-scale applications such as hybrid vehicles 
(HEV), and electrical vehicles (EV). LiCoO2 was trail blazer material for new 
generation LIBs [29]. 
LiNiO2  
LiNiO2 has α-NaFeO2 layered structure with a space group R-3m (No. 166). The 
theoretical capacity of LiNiO2 is 276 mAh/g. Electrochemical cycling is made 
between 2.5 V and 4.1 V. In this voltage range, LiNiO2 can reach 180 mAh/g 
practical specific capacity. 
However, LiNiO2 has some limitations for LIB applications as a cathode material. 
First, LiNiO2 contain non-stoichiometric [Li
+
1-zNi
2+
z]3b[Ni
3+
1-zNi
2+
z]3a[O2]6c 
undesirable form that reduces  lithium-ion diffusion coefficient. This can limit the 
power capacity of LiNiO2 [17]. Second, is the irreversible alteration  in the crystal 
structure during cycling. This irreversible structural change leads to a short cycling 
life time. The most important limitation is high undesirable exothermic oxidation 
potential of delithiated LixNiO2 with organic solvent containing electrolyte. This 
result in  battery safety issues[29, 30].  
Figure 2.11 : a) Ball-stick structure model of hexagonal layered structure LiMO2 (M =Mn, 
Co or Ni) and b) cubic close-packed (cpp) unit cell of LiMO2 (M = Mn, Co, 
or Ni) [17].  
a)              b) 
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LiMnO2  
LiMnO2 is in the same structural group as in LiCoO2. This cathode is safe, low cost, 
and relatively low toxicity. LiMnO2 has high theoretical discharge capacity of 285 
mAh/g and electrochemical studies on LiMnO2 indicated that practical capacity of 
the material is around 200mAh/g and it is better than those of LiCoO2 and LiNiO2. 
However, LiMnO2, LiCoO2 and LiNiO2 do not have a perfect α-NaFeO2 layered 
structure. The ion diffusion in structure is affected by this. In addition, the trivalent 
Mn
+3
 ions can lead to a cooperative distortion of the MnO6 octahedral due to Jahn-
Teller distortion, leading to a metastable monoclinic unit cell (space group C2/m), 
denoted as m-LiMnO2. But, thermodynamically stable LiMnO2 has an orthorhombic 
unit, named as o-LiMnO2 shown in Figure 2.12-b. Conversely, both structure tend to 
transform to spinel structure shown in Figure 2.12-c, during the intercalation and 
deintercalation. This phase transformation could lead to a decrease in capacity and 
reduce the lifetime of layered LiMnO2 cathodes [31, 33, 34]. 
LiMn2O4  
LiMn2O4 has a spinel structure with cubic symmetry and space group of Fd-3m (No. 
227), as represented in Figure 2.12-c. The theoretical specific capacity of LiMn2O4 is 
148 mAh/g. In application, only 0.85 Li/Mn can be removed electrochemically 
between 3.5 and 4.3 V and the specific capacity of LiMn2O4 can reach to 130 mAh/g 
as shown in Figure 2.13. LiMn2O4 is considered to be as an ideal cathode material 
due to being low cost, abundantly available and environmentally friendly. However, 
Oxygen 
Lithium 
Transition 
Metall 
Figure 2.12 :   Crystal structures of a) R-3m layered LiMO2, b) Pmnm o- LiMnO2, c) Fd3m 
spinel LiMn2O4 [17].  
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Jahn-Teller distortion could occur during the cycling and that can cause fast capacity 
decay Also, the application of LiMn2O4 has been limited because of its instability at 
temperatures greater than 50°C [33, 35] 
LiMPO4  
In LiMPO4 M denotes manganese, nickel or cobalt as a transition metal, besides iron. 
Previous studies show that, LiCoPO4 exhibited maximum capacity of 100 mAh/g 
after charging to 5.1 V in rate of 0.2 mA/cm
2
, which is about 60% of theoretical 
capacity 167 mAh/g. But the high price of cobalt salt makes LiCoPO4 less attractive 
material for LIBs despite its high redox potential. LiMnPO4, low cost material with 
4.1 V lithium intercalation plateau, can be good candidate for LIBs. However, the 
capacity of LiMnPO4 is very low due to its low conductivities (electronic or lithium 
ion). But recent research on this material have showed that capacity could be 
improved by porous production techniques or coating techniques (carbon coating, 
LiFePO4 coating or both) up to 140 mAh/g. Even carbon coating, LiMnPO4 showed 
poor rate capacity of about 50 mAh/g at 2C rate, which is lower than that of carbon 
coated LiFePO4.  
Another Olivine LiMPO4 material is LiNiPO4 that has huge redox potential around 
5.1 V. The suitable organic electrolytes for LIBs start to degrade at a potential over 
4.5 V. Therefore, LiNiPO4 is still not a good fit for commercial applications of LIBs 
[17, 37, 38]. 
Figure 2.13 : Example of a charging curve for Li1-xMn2O4 during Li-Ion extraction [35]. 
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LiFePO4  
LiFePO4 has olivine structure with orthorhombic symmetry and space group of Pmna 
as seen in Figure 2.14. Lithium iron phosphate is one of the most promising positive-
electrode materials for the next generation LIBs to use in electric and plug-in hybrid 
vehicles, because of its good cyclability, stability over a wide range of temperatures, 
safety and low cost. Moreover, LiFePO4 has high theoretical capacity about 170 
mAh/g, at 3.5 V. Specific capacity of LiFePO4 can also reach to140 mAh/g with 
C/10 charge rate at ambient temperature, as seen in the charge profile in Figure 2.15 
[19, 35].  
However, the electrical conductivity of pure LiFePO4 (ca. 10
-9
 S cm
-1
) is lower than 
LiCoO2 (ca. 10
-3
 S cm
-1
) and LiMn2O4 (ca. 10
-4
 S cm
-1
). This poor electric 
conductivity of LiFePO4 causes low diffusion coefficient. Low electronic 
conductivity could also limit the practical capacity at high current densities. And 
these disadvantages restrict its use in high-power ion batteries applications such as 
electrical or hybrid vehicles. In order to overcome conductivity problem, researches 
have focused on the special production or special modification techniques for 
LiFePO4 such as, carbon coating, nanosizing, off-stoichiometric synthesis, and 
aliovalent ion doping. [17, 36]. 
Li 
Fe 
O 
P 
Figure 2.14 : Cristal structure of the olivine LiFePO4. Corners are shared by the FeO6 
octehedra in bc plane and the layers are connected eachother with PO4 
tetrahedral units [19].  
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2.1.2.2 Anode material 
First, lithium metal was used as a negative electrode because of its anode potential (-
3.045 V vs. standard hydrogen electrode) and its high specific capacity (3,860 
mAh/g). It has been used as an anode for commercial rechargeable lithium batteries 
for more than two decades. However, lithium is active material and this characteristic 
of metallic lithium cause morphologic changing during cycling along with 
undesirable chemical reactions. For example prolonged intercalation/de-intercalation 
cycling causes dendrite formation of the lithium metal, which brings serious 
problems in safety and cycleability issues for rechargeable batteries. The safety 
problem causes environmental issues have forced industry to search on other 
materials. Graphite electrodes especially Mesocarbon Microbead (MCMB) carbon 
electrodes have been used instead of lithium metal anodes. Because, MCMB carbon 
has a high specific capacity (300 mAh/g) and low surface area, these bring safety and 
low capacity fading. Recent developments have allowed to use a variety of carbon 
materials as anodes in LIBs. The redox reaction inside the LIBs is shown simply in 
Equation 2.2. 
C + xLi
+
 + xe
-
                           LixC (2.2)  
Charge 
Discharge 
Figure 2.15 : Charging curve of LiFePO4 cathode material for full cell at C/10 charge rate. 
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In the basic structure of carbon, planar sheet of carbon atoms are ordered in a 
hexagonal array, as seen in Figure 2.16. Different forms of carbon have been 
developed having various stacking disorders, which include the graphite planes 
parallel but shifted or rotated, termed turbostratic disorder, and graphite planes that 
are not parallel, termed unorganized carbon [27]. 
Lithium Intercalation mechanism in the graphite  
The intercalation ability of lithium ions within graphite to form lithium-graphite 
intercalation compounds (Li-GICs) was discovered by Herold in 1955. The first 
success in electrochemical lithium intercalation was reported in a patent of Sanyo in 
1981. GICs are layered compounds that include lithium ions among graphite layers 
[2].  
During the intercalation within graphite, the stacking order of carbon layers 
(graphene) turn to AA as seen in Figure 2.16-c. Two graphene layers in LiC6 face to 
each other. After intercalation, the interlayer distance between graphene layers 
increases which is calculated to be 10.3%.  
In Figure 2.17 a shows the formation stage of Li-GICs during the intercalation. In 
stage 1 as shown in Figure 2.17-b, the stacking order of Li-GICs is αα (a Li-C6-Li-
C6-Li chain exist along the c-axis). Herewith, the lithium is distributed in the basal 
plane of LiC6 to avoid the occupation of the nearest neighbor sites.  
The movement of the lithium ions inside the graphite is a kind of stepwise process 
that can be described by stage index, s, which is the number of graphene layer 
between two guest layer which is used for the intercalation of Li ions. Figure 2.17-a 
a)         b)               c) 
Figure 2.16 : a) hexagonal structure of carbon layer, b) structure of hexagonal (2H),            
c) rhombohedral graphite (3R) [2]. 
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shows schematic potential/composition curve for constant current (galvanostatic) 
reaction of graphite to LiC6. Four different structures of Li-GICs are known 
depending on the stage index (s=IV, III, II L, II, and I), which have been studied so 
far using X-ray diffraction (XRD) and Raman spectroscopy. Second stage is 
separated in two groups due to the differences in the lithium packing densities 
between s = II (x = 0,5 in  LixC6) and s = 2L (x = 0,33  in  LixC6). The structure of 
Li-GICs is related to thermodynamic of the  material which interrelated to energy 
requirements to expand the van der Waals gap between two neighboring graphene 
layers and the repulsive interaction between lithium ions [39]. 
2.1.2.3 Separator 
Separators provide a barrier between electrodes anode and cathode while enabling 
the exchange of lithium ions from one electrode to the other. If two electrodes 
contact each other without any separator, an internal short-circuit occurs and it 
causes discharging of the battery due to high heat and current. To provide their 
function in the LIB, separator materials must have following requirements [27]: 
• High strength to permit automated winding 
• Does not yield or shrink in width 
• Resistant to puncture by electrode materials 
Figure 2.17 : a) Stage formation of Li-GICs during the intercalation. b) Schematic drawing 
of Li-GIC, c) Basal plane of Li-GICs [39].  
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• Effective pore size less than 1 µm 
• Easily wetted by electrolyte 
• Compatible and stable in contact with electrolyte and electrode materials 
 So far, separators have been used for LIBs are microporous polyolefin 
materials.They provide excellent mechanical properties, chemical stability and 
acceptable cost. Nonwoven materials have also been developed but have not been 
widely accepted, because of the difficulties in fabricating thin materials with 
uniform, high strength. Microporous polyolefin materials are made of polyethylene 
(PE), polypropylene (PP) or a laminate of polyethylene and polypropylene 
(PP/PE/PP). Commercial seperators offer pore size of 0.03 µm to 0.1 µm, and 30 to 
50% porosity, as illustrated in the SEM micrograph of a commercial material in 
Figure 2.18 [27, 40]. 
2.1.2.4 Electrolyte 
Electrolyte can be defined as the solution in which electricity is passed and causes 
ions to move between electrodes in LIBs. It is main component that defines the 
safety of LIBs. In addition, electrolytes have significant effects on the cell 
performances such as operating temperature, cell voltage range and cycle life. 
Therefore, electrolytes must be stable in the electrochemical windows against other 
components of the batteries. Furthermore, they must be stable in service temperature 
range to avoid the unexpected chemical reactions, in other words.ecompositions that 
lead to safety problems and performance fading. Ionic conductivity is another 
important requirement for electrolytes and temperature has also effect on the ionic 
conductivity during cycling (Table 2.2) [27]. 
(a)      (b) 
Figure 2.18 : SEM surface photomicrograph of monolayer Celgard separators:                       
a) Polyethylene (PE) separator, b) Polypropylene (PP) separator [40].  
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Numerous studies have attempted so far to improve ion conductivity, also to widen 
the temperature range of LIBs in service. Studies are especially focused on solvents 
such as propylene carbonate (PC)-based solutions, notably ethylene carbonate (EC), 
dimethyl carbonate (DMC), ethyl methyl carbonate (EMC) and diethyl carbonate 
(DEC). K. Tikhonov and Vr. Koch have studied electrolytes having solvents to 
improve ion conductivity to use the battery in wide temperature range. They showed 
that special electrolytes used in the wide temperature range can improve the cell 
performance [16]. 
In lithium-ion applications, there are four types of electrolytes used in the form of 
polymer, gel, ceramic and liquid. 
The polymer electrolytes are ionically conductive wherein a salt and a solvent are 
dissolved or mixed with high molecular weight polymer. Polymer electrolytes are 
safer than that of liquid electrolytes. Also, they lead to long cycle life and low cost 
for LIBs. However, low conductivity between 10
-3
 and 10
-5
 S/cm at 25 
o
C result in 
limited usage in LIBs in comparison to the conductivity of the liquid electrolytes(10
-1 
-10
-2
 S/cm) [27].  
Gel electrolytes are usually films comprised of PVDF-HFP, LiPF6 or LiBF4 salt, and 
carbonate solvent. Main advantage of gel (or gel – polymer) electrolytes is safety due 
to their low volatility and high viscosity because they do not contain volatile, 
flammable solvent components [2].  
Ceramic electrolytes are ionically conductive inorganic solid-state materials.. In 
2011, K. Hamamoto et al. at the National Institute of Advanced Science and 
Technology (AIST) have developed a ceramic electrolyte sheet with high ion 
conductivity of 10
-1 
S/cm at 25 
o
C. They provided high water resistance and high 
thermal stability of up to 800 
o
C. This study showed that ceramic electrolytes are 
good candidates for LIBs with their safety, high density, superior incombustibility, 
long-term stability, and high ion conductivity close to liquid electrolytes. However, 
the main problem for the ceramic electrolytes is low mechanical strength of the 
films, which can be problem for commercial applications [41]. 
Most popular lithium ion electrolytes in current use are liquid electrolytes. Liquid 
electrolytes are solution of a lithium salt (LiClO4, LiPF6, LiCF3SO3, LiBF4, etc) 
dissolved in organic solvents, typically carbonates. LiPF6 is one of the most studied 
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salts with high ionic conductivity (> 10
-3
 S/cm), high ion transfer capability (~0.35), 
and acceptable safety properties and also being stable between 0-4.5 V. This range is 
important for LIBs. However, LiPF6 is extremely sensitive to moisture and reactions 
between LiPF6 and H2O forms HF. HF reacts with electrodes resulting LiF, which 
decreases ionic conductivity and increases the impedance of electrode/electrolyte 
interface [27].  
Table 2.2 : The ionic conductivity (mS/cm) changing of some 1 M organic liquid electrolyte 
depending on temperature and solvent volume [27]. 
Salt Solvents 
Solvents 
vol % 
-40
o
C -20
o
C 0
o
C 20
o
C 40
o
C 
LiPF6 
EC/PC 
EC/DMC 
EC/DEC 
50/50 
33/67 
33/67 
0.23  
- 
- 
1.36 
1.2 
2.5 
3.45 
5.0 
4.4 
6.56 
10.0 
7.0 
10.34 
- 
9.7 
LiClO4 
EC/DMC 
EC/DEC 
33/67 
33/67 
- 
- 
1.0 
1.8 
5.7 
3.5 
8.4 
5.2 
11.0 
7.3 
LiCF3SO3 EC/PC 50/50 0.02 0.55 1.24 2.22 3.45 
LiBF4 
EC/PC 
EC/DMC 
EC/DEC 
50/50 
33/67 
33/67 
0.19 
- 
- 
1.11 
1.3 
1.2 
2.41 
3.5 
2.0 
4.25 
4.9 
3.2 
6.27 
6.4 
4.4 
2.2 Ageing of Lithium Ion Batteries 
2.2.1 Introduction of ageing  
The ageing of LIBs is complex and depends on the operation conditions. But it can 
be simply defined as the changing components properties, such as available energy 
and power, and cell mechanical wholeness (cell dimension, tightness, mechanical 
properties of components, etc.) with time and usage.  
Ageing mechanisms of batteries can be classified in two groups, ageing during usage 
(cycling) and storage. Cycling of LIBs damages the electrochemical components 
almost reversible and storage effects are mostly because of the interactions between 
active material and electrolyte and these interactions depending on time and 
temperature. 
2.2.2 Ageing mechanisms of lithium ion batteries  
Ageing can be categorized in two groups, ageing during the cycling and ageing 
during storage. J. Vetter et al. described main electrode ageing mechanisms for both 
cathode and anode electrode and these mechanism are represented as a blue text in 
the Figure 2.19 [4]. 
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Figure 2.19 : Presentation of main ageing mechanisms in Lithium ion batteries [3].  
2.2.2.1 Ageing during the cycling 
Ageing during cycling occur as a result of the reversible degradation of active 
materials due to the phase transformation during lithium intercalation. Recent studies 
have focused on crystalline structure alteration and solid-state chemistry of materials 
to understand the basic mechanisms of ageing [5].  
Capacity fading on cycling due to aging could harm batteries in many ways [2]; 
 Degradation of crystalline structure of positive electrode  
 Graphite exfoliation 
 Metallic lithium plating 
 Electrolyte degradation 
 Mechanical modification of composite electrode structure (micro cracks) 
because of active particles split from conductive network.   
It must be considered that all these could happen during storage. And, some of these 
decompositions could cause collective failures in batteries.  
Degradation of crystalline structure of positive material  
The intercalation/deintercalation proses in the electrodes causes changes in the 
crystal structure of electrodes. C. Delmas et al. have studied the deintercalation 
proses in LiFePO4 particles. They showed that reversible crystal structure changes 
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depending on amount of lithium ions in the LiFePO4 olivine structure during cycle 
(see Figure 2.20) [23]. These changes in crystal structure cause the molar volume 
changing in the active material around %6.81, which induce mechanical stress and 
strain in the particles of electrodes [21]. 
Metallic lithium plating 
With high current during cycling, lithium ions do not have enough time to intercalate 
among intercalation layers of electrodes and lithium ions could accumulate as 
metallic lithium on electrode surface (see Figure 2.21). This process mainly occurs at 
low temperature because of the deceleration of chemical insertion into electrode.L. 
Gireaud et al. have studied on lithium metal surface morphology after 
electrochemical testing and stripping mechanisms and probable reasons, which cause 
metallic lithium plating. [8].  
Metallic lithium plating has negative effects on LIBs. It can lead to irreversible 
capacity loss. It also could form dendrites on electrode surfaces cause a short circuit 
between the electrodes upon cycling. 
Figure 2.20 : XRD patterns obtained ex situ for cast ‘LixFePO4’ electrodes during the first 
cycle of Li/LiFePO4 lithium cells [23]. 
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Electrolyte degradation 
The stability of electrolyte during cycling is very important on the performance of 
the LIBs. Recent studies on rechargeable LIBs showed that even electrode materials 
are good enough for high performance, the degradation of electrolytes limit the 
power and cyclability of LIBs. The degradation products of electrolytes lead to the 
formation of interfacial layer (Solid Electrolyte Interphase, SEI), which is a film 
coats both electrodes. SEI increase the cell impedance affecting battery performances 
negatively. . Hence, researchers attempt to shed light on electrode/electrolyte 
interactions to figure out of the electrolyte decomposition mechanisms [9, 16, 41].  
Micro cracking 
Micro cracking is observed in electrode and SEI. Volumetric changes during the 
intercalation/deintercalation might lead to micro cracking in SEI. Cracks on the 
electrodes are observed after cycling. There can be several reasons for these micro 
cracks, such as volumetric changes, mechanical stress after side reactions, and 
temperature changes during service. Deyu et al. have worked on the cracking of 
LiFePO4 during cycling. In this study, different number of cycles performed on pure 
LiFePO4/metallic lithium LIBs under 30 mAg
-1
 current density at room temperature 
and they observed micro cracks in some of LiFePO4 particles (Figure 2.22) after 
cycle tests [12]. 
The volumetric changes of the LiFePO4 phase transformation after 
intercalation/deintercalation is 6.81% [21]. This changing is not big enough for 
structural deformation during lithium movements. That is why, the formation of the 
(a)                                                        (b) 
Figure 2.21 : Surface morphologies after lithium plating on polished lithium foil surfaces 
in EC/DMC-LiPF6 1 M: a) at 50 mA/cm
2
 current density b) at 1 mA/cm
2
 
current density [8].  
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crack in the particles can be a result from internal high strain that occurs after lithium 
extraction/insertion processes. The polarization of electrode increases with the 
formation of cracks. Also cracks lead to poor electric contact between active particles 
and aluminum current collector [12]. Besides, SEI film is formed inside the cracks 
with time and it build up over time. These effects of the micro cracks should be 
reasons for capacity fading.  
2.2.2.2 Ageing during storage 
Ageing during storage is main factor that determines the calendar life of a battery. 
When a battery is on rest, the thermodynamic stability of the components control the 
ageing. This stability is mainly depends on storage conditions. Undesirable 
interactions of components mostly concentrate at the interface among active 
materials and electrolyte.  Side reactions in the interface cause some SEI formation, 
corrosion, gassing which lead to capacity fading on storage [5]. 
Solid Electrolyte Interface (SEI) Formation and Reformation 
SEI is a kind of passivation film that occurs at the electrode/electrolyte interface as a 
product of irreversible decomposition of an electrolyte. Due to the location of the 
decomposition it is called as solid electrolyte interface (SEI). SEI formation starts in 
the first cycle and covers up the fresh surface of electrodes and changes the thermal 
and chemical behaviors of electrode surfaces, as well as cell impedance. 
SEI layer is a unique layer, which let lithium ions pass through. However, it does not 
let electrolyte components and electrons allow to go through unless electrolytes, 
additives and current can be correctly selected. Thanks to this characteristic of the 
SEI, electrolyte compounds are protected from further reduction and electrode 
(a)         (b)        (c) 
Figure 2.22 : The SEM images of LiFePO4: a) The electrode before cycling, b) the electrode  
after 30 cycles, c) the electrode after 60 cycles [12].  
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charged also protected from corrosion. But this film is frequently a problem for 
battery chemistry because of the excessive passivation layer that reduces the power 
performance of the cell with increasing impedance [3]. 
For a graphite anode material, SEI occurs during the first cycle. Compositions of 
electrolyte and type of additives determine the growth and properties of the 
passivation film.  It is known that the SEI is formed as a result of the reduction of 
electrolyte on the anode electrode surface to form Li2CO3 [7]. 
SEI forms on the cathode is more complicated than that of anode because of the 
cathode nature, being oxide. In manganese, cobalt and nickel based cathodes, there is 
already Li2CO3 , which could come from precursors used during synthesis of these 
cathode materials or, most probably, from the reaction of these metal oxides with 
CO2 in atmosphere. This natural surface film can be destroyed by acidic electrolyte 
salts currently are being used by lithium industry. However, several studies have 
showed that LiF in the surface layer is formed because of the decomposition of the 
electrolyte solution (LiPF6) and this surface layer on the cathode seemed to grow, 
during the prolonged cycling. This resistive surface layer could be the reason of loss 
of power and lithium ions [6, 16, 41]. 
Reformation of SEI is observed at high temperature applications. After reformation, 
electrodes surface is exposing to further reactions that lead to the consumption of 
lithium ions. Also volume changes in the electrodes after intercalation/de 
intercalation also lead to micro crack in the surface film that exposes electrodes to 
further side reactions. 
Corrosion 
SEI layer actually is never totally hermetic and there is always residual electrical 
conductivity through SEI, which induce electrochemical reactions at low rate, thus 
causing lithium corrosion and irreversible lithium loss. And electronic conductivity, 
side reaction rate, SEI degradation increases with an increase in temperature which 
finally stimulate the corrosion of lithium [5].  
Electrode behaviors can be different at different temperatures, hence, corrosion 
behaviors of a cathode and an anode can be different at various service conditions. 
For example, studies with LiNixCoyAlzO2 cathode material showed that battery 
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capacity is limited at ambient temperature by the positive electrode, while the 
negative electrode limits capacity at high temperature [2]. 
During the storage in the charged state, current collectors may be also affected from 
corrosion. Especially for Al current collectors, corrosion can be problem. Recent 
studies showed that, pitting corrosion, which causes locally corroded surface with 
many pin-like holes on the Al collector, have been observed. This kind of corrosion 
affects greatly the calendar life and cycling performance of batteries and it can be 
determined by cyclic polarization measurements [4, 10]. 
Gassing 
Decomposition of the electrolytes causes gas generation in batteries. And this gas 
evolution triggers mechanical stress to electrodes and to cell structure. Also stress on 
electrodes increase the rate of SEI reformation and if inside pressure reach the 
critical level, which is more than cell structure can withstand, can lead to air 
insulation issues. In addition, gas diffusion in the porosities of electrodes may also 
reduce active area in electrodes. 
Kumai et al. have studied gas generation in LixC6/Li1-xCoO2 cells using different 
electrolyte such as 1 M LiPF6 in propylene carbonate (PC), dimethyl carbonate 
(DMC), ethyl methyl carbonate (EMC), and diethyl carbonate (DEC). According to 
this study, in a nominal voltage range (4.2 -2.5 V), there are different kinds of 
decomposition reactions that lead to gas generation after long cycling process. As 
Figure 2.23 : Voltage profiles of Li-ion cell and the gas generation model [11].  
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mentioned before, the product of the decomposition reaction form an SEI but at the 
same time, different gas formation such as CO2, CO, C3H8, and C3H6 was detected as 
seen in Figure 2.23 [11]. 
2.2.3 Cause and effects of ageing of batteries  
Ageing in lithium ion battery is affected by different parameters and each parameter 
has effect on ageing in different ways. However, these parameters can not be 
discussed independently from each other and do not occur alone. A number of causes 
for the ageing of the lithium ion battery can be summarized [13]: 
 Degradation of electrode active materials 
 Degradation or changes of electrode compounds such as conduction agents, 
binder, and current collector 
 Decomposition of electrolytes 
Active material degradation, which is commonly because of the fatigue of active 
material after lithium intercalation/deintercalation mechanism, is a reason for 
capacity fading. Structural distortion can be given as an example for this distortion of 
active material. Also the oxidation of the active material, especially positive 
electrode, is another important reason for the degradation of active material. Due to 
the oxidation potential of the oxide cathode material against electrolyte, oxidation 
becomes the most important factor for cathode material ageing. M. Broussely et al. 
have studied the ageing of lithium ion batteries on resting (during the storage) and 
during cycling [5]. This study showed that the oxidation of the active material 
occured on the positive electrode, resting mode. This ageing process mainly depent 
on the temperature, voltage, and state of charge level on resting conditions. 
Naturally, the oxidation of the cathode material causes the losses of the active 
material as well as fading in capacity.  
Besides active material, degradation and changes of the other components of the 
electrodes such as conduction agents, binder and current collector, are significant 
factors for ageing. These components are circuit elements for current The 
deterioration of them causes impedance increase due to the decrease in electrical 
conductivity after deterioration. Previous studies have reported that main factors that 
influence the inactive components are the oxidation of conductive agent, binder 
decomposition and the corrosion of the current collector [4, 10, 13].  
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Organic electrolyte is the most critical component for ageing, especially in negative 
electrode because of the strong reactivity of electrolytes with lithium containing 
electrodes. Undesirable reactions with these electrodes lead to metal dissolution and 
lithium oxidation, which lead to capacity fading due to the quality decline in active 
material. Also this reactions lead to the formation of new phases, which can be in 
gasses phase or solid phase. Gas phases lead to the internal stress and pressure, 
which influence the lifetime of a lithium ion cell by changing the electrochemical 
system with gasses phases. Solid phases, which increase cell impedance, have also a 
negative influence on the potential of a cell. Furthermore, solid phase form a surface 
film that increase impedance because of the low conductivity of this phase [27].  
In Figure 2.24, the most common causes and effects of ageing in cathode material 
can be seen.  
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Figure 2.24 : Schematic overview on cause and effect of ageing of cathode material [13].  
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2.3 Basics of Analysis Techniques  
2.3.1 X-ray diffraction 
X-Ray diffraction (XRD) is a rapid analytical technique primarily used for phase 
identification of a crystalline material and can provide information on unit cell 
dimensions. The analyzed material is finely ground, homogenized, and average bulk 
composition is determined. 
X-ray diffraction rests on constructive interference of monochromatic X-rays and 
crystalline examples. These X-rays are generated by a cathode ray tube, filtered to 
produce monochromatic radiation, collimated to concentrate, and directed toward the 
sample. The interaction of the incident rays with the sample produces constructive 
interference (and a diffracted ray) when Bragg's Law is used (Equation 2.3 and 
Equation 2.4). This law relates the wavelength of electromagnetic radiation to the 
diffraction angle and the lattice spacing in a crystalline sample as illustrated in Figure 
2.25. These X-rays, which are diffracted, are then detected, processed and counted. 
When the sample is scanned through a range of 2θ angles, all possible diffraction 
directions of the lattice should be attained because of the random material 
orientation. Conversion of the diffraction peaks to d-spacings allows identification of 
the mineral because each mineral has a set of unique d-spacings. Typically, this is 
achieved by comparison of d-spacings with standard reference patterns [42]. 
nλ = AB + BC (2.3)
where AB=BC,  and sinƟ=AB/2  
nλ = 2d sin θ (2.4)
 
Figure 2.25 : Basics of the Bragg’s law and derivation of formula [42].  
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In this study, XRD was utilized to determine changing in the crystal structure of the 
LiFePO4 cathode material and investigation of the new components that was formed 
after ageing process. As seen in Figure 2.26, LiFePO4 has characteristic XRD 
patterns, which can be described as a fingerprint of material to determine the crystal 
changes and structural contamination. 
Bragg’s Equation (Equation 2.4) and Equation 2.5 were used to determine 
crystallographic planes and latice parameter using data from XRD measurements.  
1
𝑑   
=
ℎ 
𝑎 
+
𝑘 
𝑏 
+
𝑙 
𝑐 
 (2.5)  
where a, b and c indicate lattice parameters of LiFePO4 and h, k and l  parameters are 
used for determination of the  crystallographic planes. 
2.3.2 Raman spectroscopy 
Raman spectroscopy is a spectroscopic method based on inelastic scattering of 
monochromatic light, usually from a laser source. Inelastic scattering usually means 
that the frequency of photons in monochromatic light changes upon interaction with 
a sample. Photons of the laser light are absorbed by the sample and then reemitted. 
Frequency of the reemitted photons is shifted up or down comparing with original 
monochromatic frequency, which is called the Raman Effect. This shift (Figure 2.27) 
Figure 2.26 : XRD patterns of initial LiFePO4 with carbon coating. 
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provides information about vibrational, rotational and other low frequency transitions 
in molecules, which are characteristic for each material. Raman spectroscopy can be 
used to study solid, liquid and gaseous samples [43]. 
Raman spectroscopy is a very useful technique to characterizing the carbon coating 
of LiFePO4 cathode material because of the penetration depth of light inside the 
LiFePO4 particles. This Penetration depth of light is very small and this allows just 
for the coating layer measurements. That is the reason why, in this study, Raman 
spectroscopy was used to determine the surface characterization and ageing effects 
on it.  
As seen in Figure 2.27, carbon coating has two characteristic peaks at 1335 cm
-1
 and 
1597 cm
-1
 to determine the quality of the coating, and one weak peak at 945 cm
-1
, 
which is at the olivine spectrum, related to PO4
3-
 anion symmetric stretching. Two 
strong peaks are attributed to D (disorder) band and G (graphite) band [45].  
The quality of the carbon coating in the different cycles is compared by comparing 
the intensity rations of D and G band (IG/ID). The high ratio of IG/ID indicates good 
quality carbon coating as well as good electronic conductivity. Also, the in-plane 
correlation length La (nm) is related to the IG/ID ratio, which quantifies the mean 
Figure 2.27 : Raman shifts of carbon coated initial LiFePO4 material. Each line refer 
different measurement points on the fresh cathode material. 
Graphite (G) Band 
Disorder (D) Band 
Olivine (PO4) Band 
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basal-plane diameter of graphite parallel to (0 0 1). The modified Tuinstra–Koenig 
relation (Equation 2.6) gives the value of La [44]: 
  =       
   
  
 
(2.6)  
In this formula, C(λL) variable scaling coefficient depending on excitation 
wavelength λL and given by the Equation 2.7. 
     =   +       
(2.7)  
where Co=-126 Å and Co= 0,033 .  
In order to understand what is changing at the carbon coating with increasing cycle 
number, results of Raman spectroscopy measurements were analyzed by using IG/ID 
ratio. Because the basal plane diameter (La) has relationship with quality of coating. 
2.3.3 Scanning electron microscopy  
Scanning Electron Microscopes are scientific instruments that use a beam of highly 
energetic electrons to examine objects on a very fine scale. This examination can 
yield information about the topography (surface features of an object), morphology 
(shape and size of the particles making up the object) and composition (the elements 
and compounds that the object is composed of and the relative amounts of them)  
SEM is used for surface images and both resolution and crystallographic information 
are limited (because they are only referred to the surface). Other constraints are 
firstly that the samples must be conductive, so non-conductive materials are carbon-
coated and secondly, that materials with atomic number smaller than the carbon are 
not detected with SEM [46]. 
In SEM applications, a source of electrons is focused in vacuum into a fine probe 
that scans over the surface of the sample. The electron beam passes through scan 
coils and objective lens that deflect horizontally and vertically so that the beam scans 
the surface of the sample as seen in the Figure 2.28.  
As the electrons penetrate the surface, a number of interactions occur that can result 
in the emission of electrons or photons from or through the surface. Appropriate 
detectors can collect a reasonable fraction of the electrons emitted, and the output 
can be used to modulate the brightness of a cathode ray tube (CRT) whose x- and y- 
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inputs are driven in synchronism with the x-y voltages rastering the electron beam. In 
this way an image is produced on the CRT. SEM works on a voltage between 2 to 
50kV and its beam diameter that scans the specimen is 5nm-2μm. The principle 
images produced in SEM are of three types: secondary electron images, 
backscattered electron images and elemental X-ray maps. Secondary and 
backscattered electrons are conventionally separated according to their energies. 
When the energy of the emitted electron is less than about 50eV, it is referred as a 
secondary electron and backscattered electrons are considered the electrons that exit 
the specimen with an energy greater than 50 eV. Detectors of each type of electrons 
are placed in the microscope in proper positions to collect them [46]. 
 
2.3.4 Electrochemical impedance spectroscopy  
Electrochemical impedance spectroscopy (EIS), sometimes called as AC impedance 
spectroscopy, is a technique where the cell or electrode impedance is plotted versus 
frequency. Thus, the impedance is measured as a function of the frequency of the AC 
source. In addition, it is a useful method for investigating porous electrodes, which 
are extensively used in the field of batteries, fuel cells, and electrochemical double 
layer capacitors. With the impedance spectroscopy analysis, characterize various 
electrodes can be characterized in terms of AC frequency and model the equivalent 
RC circuit as seen in Figure 2.29.  
Figure 2.28 : Schematic display of the principle of scanning electron microscope [46]. 
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In Figure 2.29, Cd is the double layer capacitor, which is formed due to surface 
morphology of electrode between inner Helmholtz plane (IHP) and outer Helmholtz 
plane (OHP). Zw represent Warburg impedances, respectively, which dominate the 
extreme low frequency. Rp, the activation barrier for electron transfer reaction on the 
electrode surface, is polarization resistance that becomes the charge-transfer 
resistance (Rct) at the standard or formal electrode potential. Rs describes solution 
resistance along uncompensated solution [47]. 
As described beginning of the section, EIS is usually measured using a small 
sinusoidal AC voltage signal U(t). The AC current response I(t) will be sinusoid of 
same frequency but different phase. The excitation AC voltage has the form as 
Equation 2.12 
    =   sin     
(2.8)  
where U0 is the signal amplitude and w is the radial frequency described as Equation 
2.9: 
 = 2   
(2.9)  
The response signal has the form as Equation 2.10: 
    =   sin   +    
(2.10)  
where  φ is the phase shift. 
Figure 2.29 : Illustration of the corresponding between the each circuit component and each 
interfacial component of electrode surface. This shows main application 
systems of the EIS on electrode surface [47].  
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Analogous to Ohm’s Law ( Equation 2.11), impedance Z has the formulation:  
 =
    
    
=  
  sin    
  sin   +   
=   
sin    
sin   +   
 
(2.11)  
Given Euler’s relationship (Equation 2.12): 
       =   s   +  sin    
(2.12)  
the impedance can be written as complex function by using previous equations : 
 =
    
    
=    
sin    
sin   +   
=          =      s   + sin      
(2.13)  
The Equation 2.13 has a real and imaginary part, which are plotted on the x-axis and 
on the y-axis, respectively, are used to produce a Nyquist plot as seen in Figure 2.30. 
Furthermore, a circuit model with the combination of the kinetic and diffusion 
processes is illustrated there [49]. Low frequency (right side of plot) corresponds to 
the electrolyte resistance and high frequency (left side of the plot), semicircle 
corresponds to the passivated film, which leads to capacitive impedance because the 
lithium ions can no longer diffuse into material and there is a capacitive buildup of 
the ions surrounding the material. So, in this plot, the angle between the vector Z and 
x-axis is known as the phase angle. 
Previous studies have reported that, the increase of impedance, which lead to power 
fade, is related to [4, 5]: 
 Surface film formation of both electrodes with low conductivity  
 Loss of electrode area and electrode material causing a higher local current 
density  
 Lower diffusivity of lithium ions into active electrode particles and slower 
kinetics due to surface films  
 Reduced conductivity between particles due to both surface films and 
degradation of binders, possibly in combination with a binder-Li reaction  
Increasing of the cell impedance in the lithium ion batteries comes mostly from the 
cathode electrolyte interface and increases with increasing cycle number [48]. The 
surface films on the cathode and their electrochemical processes include the 
necessary stages of Li ion migration through surface films and charge transfer across 
the film/solution and the film/active mass interfaces. These processes contribute a 
major part to the impedance of these electrodes.  
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Impedance measurement with reference electrode is called three electrode 
measurement or reference technique. Aim of this technique is to protect the 
measurements from errors, which are pronounced in high frequency and of the 
spectrum, due to cables and instrumentation. A reference electrode is used to 
normalize the system in order to eliminate these effects of error on EIS results 
[17].Three-electrode setup is also required to distinguish the contribution of both of 
the cathode and anode [4]. 
2.4 Design of Experiment  
In general usage, design of experiments (DOE) or experimental design is the design 
of any information-collecting exercises where variation, which have effect on output 
factor, is present, whether under the full control of the experimenter or not. 
In order to perform a designed experiment, input process or variables, which affect 
the system, are intentionally changed to observe effects of them on our output. The 
information gained from properly planned, executed and analysed experiments can 
be used to improve the functional performance of products. However, as seen in the 
Figure 2.31, in service conditions, some of these inputs cannot be controlled. 
Figure 2.30 :  Nyquist plot of a cycled Swagelok t-cell after 100 cycles with equivalent 
circuit for impedance measurements. U0: Open cell voltage, RE: Electrolyte 
resistance, RD: Charge transfer resistance, Zw: Diffusion control, CD: Double 
layer capacity, L: Inductance [49].  
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Therefore, it is important to determine the optimal settings of controllable variables 
in order to minimize the effects of the uncontrollable. This is the fundamental 
strategy of robust design [50]. 
Process/System
Controllable variables (factors)
Uncontrollable variables (factors)
Inputs (y) Output (y)
X1 X2 X3 X4 Xn
Z1 Z2 Z3 Z4 Zn
 
Figure 2.31 : Illustration of inputs and outputs with controllable and uncontrollable factors 
for general model of a process/system [50]. 
Due to the complex structure of the lithium ion batteries, there are lots of factors, 
which have influence on the performance of the battery systems. Thus, in this study, 
factors that can be controllable were chosen by using “fishbone chart” as seen in 
Figure 1.2, which contains factors in groups that effect the output of experiments. 
According to fishbone chart, controllable variables were determined for DOE 
experiments another factors have been kept stable.  
Design of the experiments refers to the process of planning, designing and analyzing 
the experiment so that valid and objective conclusions can be drawn effectively and 
efficiently. In order to draw statistically reliable conclusions from the experiment, it 
is necessary to integrate simple and powerful statistical methods into the 
experimental design methodology. The success of any industrially designed 
experiment depends on right planning, appropriate choice of design, statistical 
analysis of data and teamwork skills [50].  
Most useful and common method for Design of Experiment in engineering and 
scientific applications is full factorial design. This method contains all possible 
combinations of levels for all factors. The total number of experiments for studying k 
factors at 2-levels is 2
k
. The 2
k
 full factorial design is particularly useful in the early 
stages of experimental work, especially when the number of process parameters or 
design parameters (or factors) is less than or equals to four. The most important 
advantage for experiments is consideration of interactions among all parameters, 
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which cannot be determined in classical experimental design.  One of the 
assumptions for factors at 2-levels is that the response is approximately linear over 
the range of the factor settings chosen [50].  
In statistics, analysis of variance (ANOVA) is a collection of statistical models, and 
their associated procedures, in which the observed variance in a particular variable is 
partitioned into components attributable to different sources of variation. In its 
simplest form, ANOVA provides a statistical test of whether or not the means of 
several groups are all equal, and therefore generalizes t-test to more than two groups. 
Doing multiple two-sample t-tests would result in an increased chance of committing 
a type I error. For this reason, ANOVAs are useful in comparing two, three, or more 
means [51]. 
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3. EXPERIMENTAL 
In order to investigate the effect of parameters on the ageing behaviors of the 
commercial C-LiFePO4, experiments have been performed in two main groups. First, 
a series of preliminary tests have been performed in order to identify the parameters 
used in the study. Then, in the first group experiments, the number of cycles has been 
changed. Al the other parameters were constant. In the second group, experimental 
design approach (full factorial design) has been used. There were three independent 
parameters (first cycle current, voltage and ambient temperature). The levels for each 
parameter were two (see in Table 3.2).   
Figure 3.1 represents the flow chart of the experimental study.  
Assembling of 
the Cells 
Coin Cell Cycle 
Tests
Swagelok T-cell 
Cycle Tests 
Cycle Tests 
Using 
DoE Matrix
Second Group
DoE Experiment Parameter
Determination
First Group 
Cycle Test Parameter 
Determination
Preliminary 
Cycle tests 
Electrochemical 
Impedance 
Analysis
XRD  
Analysis
Raman 
Analysis
SEM 
Analysis
Result Analysis 
Using Full 
Factorial Design
 
Figure 3.1 : Flow chart of experimental study. 
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3.1 Materials and Test Assemblies 
3.1.1 Coin cell materials and assembly 
CR2025 coin cells having 20 mm diameter and 2.5 mm thickness was prepared in a 
glove box (Jacomex). The average value of oxygen and moisture were about 25ppm 
and 3ppm respectively. All components of coin cell were given in Figure 3.2. 
3.1.1.1 C-LiFePO4 cathode 
Positive electrode (cathode) was chosen as commercially available (MTI Corp.) 
carbon coated LiFePO4. The thickness of the cathode materials was 150 µm 
thickness, which was laminated on an aluminum current collector. Cathodes having 
14 mm diameter were punched from the C-LiFePO4 sheet in the glove box. Coating, 
has 91% active material is weighed, by Sartorius (MSA124S-1CE-DA ) cubis 
balance and determined to be 0.0213 g. and weight of active material calculated 
0.0194 g. Then, they were dried under 0.01 mbar vacuum at 40 °C for 12 hours in the 
glove box, and then dried at 100 °C for 24 hours within glove box.  
3.1.1.2 Graphite anode  
Commercially available graphite (MTI Corp.) laminated on a copper current 
collector is chosen to be as negative electrode (anode). The total thickness of the 
electrode is 110 µm. It was also punched to 14 mm diameter. Coating, has 95.7% 
active material is weighted by Sartorius cubis balances to be 0.0184 g and weight of 
active material calculated 0.0176 g. Furthermore, to dry anode electrode, same 
procedures used for cathode material were applied. 
3.1.1.3 Seperators and electrolyte 
Polypropylene (PP) separators (Celgard) with a thickness of 25 µm were used in coin 
cells. PP separators were punched to 18 mm diameter. Separators were dried at 40°C 
for 12 hours before putting into the glove box.  
1 M LiPF6 in ethylene carbonate (EC) - diethyl carbonate (DEC) (1:1, volume ratio) 
electrolyte solutions used in this study. For each coin cell, the amount of the 
electrolyte was 60 µl. It was added to the coin cell by using the Eppendorf research 
pipette.  
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3.1.1.4 Assembling of coin cells 
All coin cell assemblies were done under argon atmosphere in the glove box. The 
schematic of coin cell assembly was given in Figure 3.2. Automatic crimping 
machine was utilized to provide insulation. In order to provide complete electrolyte 
penetration to electrodes, five hours of resting duration was applied to each cell 
before cycling. 
3.1.2 Swagelok T–cell materials and assembly 
Ss-1610-3 type Swagelok tube fittings (T-cells) having a Lithium reference electrode 
along with the others were used for electrochemical impedance spectroscopy.. 
3.1.2.1 Materials of Swagelok T–cell  
In order to make impedance tests a custom made Swagelok type T cell was build. As 
seen in Figure 3.3, Swagelok T-cell contains a cathode, an anode, a PP and a 
fiberglass separator, electrolyte, a metallic lithium reference electrode, and an 
isolator polyester film. This isolator polyester film was made from ethylene glycol 
and dimethyl terephthalate (DMT) and it was used to protect cell system against 
short circuit. In this assembly anode, cathode and PP separator diameters were 12 
mm. The fiberglass separator and metallic lithium were in 10 mm diameter. 1 M 
LiPF6 in EC:DEC (1:1 volume ratio) was used as electrolyte. 
Cap (Ni-plated)           
 
 
Wave Washer       
Spacer disk 
 
Graphite Anode  
(Single Side Coated on Copper) 
 
Gasket (PP) 
 
Separator (PP) 
 
C-LiFePO4 Cathode 
(Single Side Coated on Aluminium) 
Case (Ni-plated) 
 
 Figure 3.2 : 3D drawing of components of coin cell in assembling order (from bottom to top). 
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3.1.2.2 Assembling of the Swagelok T-cells 
Swagelok cells were assembled under argon atmosphere in the glove box. First, 
polyester film was placed to the internal surface of the T-cell as seen in the Figure 
3.3. The cathode electrode, the PP separator and the graphite electrode were placed 
in sequence. The amount of the electrolyte was total of 180 µl. The electrolyte was 
injected in an amount of 60 µl using the Eppendorf research pipette after each 
electrode was placed in the cell. The fiberglass separator and the metallic lithium 
electrode were placed into the middle channel of the T-cell respectively. Then, the 
cell was closed. After assembling is made, the Swagelok T–cell was allowed to stand 
for five hours before cycling. 
3.1.3 Test System 
The BaSyTec cell test systems, which have 12 and 8 channels are in the glove box 
and out of the glove respectively, were used for cycle tests. Channels in the glove 
box were just used for the coin cell test. Channels out of the glove box were used in 
temperature-controlled tests and T-cell tests.  
3.1.3.1 Test plan 
Test plan and parameters, voltage and current limits, cycle number (count) and pause 
rate, were given in Table 3.1. BaSyTec software was used to build the test plans.  
Figure 3.3 : Swagelok T-cell with main Lithium Ion battery components [54]. 
LiFePO4 
Cathode 
Graphite Anode  
  
PP Separator 
Metallic Lithium 
(Reference Electrode) 
Fiberglass 
Separator 
  
Polyester Film 
(DMT) 
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Table 3.1 : Main test plan for cycle tests. 
Level Command Parameter Limits 
1 Start   
2 Pause  t>5 h 
3 Cycle-start   
4 Charge  I=1 mA U>3.6V 
5 Pause   t>10min 
6 Discharge  I=1mA U<2V 
7 Pause  t>10min 
8 Cycle-end Count= x  
9 Stop   
3.2 Cycle Test Procedures 
During the cycle tests, standard galvanostatic mode, which means constant current 
(I), and potential (U) is monitored as function of time (t), was performed on CR2025 
coin cells by BaSyTec test system. 
3.2.1 Preliminary cycle tests 
In order to identify voltage and current values for ageing tests, a series of preliminary 
test were performed using different charge/discharge current between 0.3 mA and 2.5 
mA using different voltage range between 2-3.6 V and 2-4.2 V. 
3.2.2 Coin cell cycle tests  
After preliminary tests, voltage range for cathodic reaction of LiFePO4 was 
determined to 2-3.6 V vs (Li/Li
+
) and current was chosen 1 mA namely 1 C, which 
refers to a current level that will completely discharge the battery in one hour, for 
both discharge and charge values for galvanostatic cycling experiments. These 
experiments continued by charging the battery to 3.6 V, resting for 10 minutes, 
discharging back to 2.0 V at a current rate of 1C, and resting another 10 minutes, this 
completed one cycle test measurement.  
The galvanostatic cycling experiments with different number of cycles (100 cycles, 
200 cycles, 300 cycles, 400 cycles, 500 cycles, 600 cycles, 700 cycles and 1000 
cycles) were performed using coin cells. Each test except 1000 cycles test was 
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replicated more than one time in order to obtain an accurate estimate of experimental 
error. Due to failing of the other coin cells for 1000 cycles test, this test was 
conducted with just one sample. 
EIS measurements were performed for each coin cell after ageing tests and all cells 
were disassembled under argon atmosphere. 
3.2.3 Half cell measurements with coin cells  
First, a full cell was prepared and cycled for 200 cycles using 1mA within the range 
of 2-3.6V. Then, this cell was disassembled in the glove box and aged electrodes 
(both anode and cathode) were used to assemble two half-cells (see Figure 3.4.) to 
figure out which electrode limits the capacity of the full battery.  
200 cycled aged both the anode (graphite) and the cathode (C-LiFePO4) electrodes 
were used in the half cell measurements. To test the cathode against metallic lithium, 
the coin cell was subjected to one cycle with the value of 0.3 mA current rate in 2-3.6 
V voltage range to understand lithium storage capacity for the determination of the 
C-LiFePO4.’s specific capacity. 
In order to determine the capacity of aged graphite, the aged graphite against metallic 
lithium used in second half cell and directly discharged with 0.3 mA current in 0-2.0 
V voltage range.  
Figure 3.4 : Capacity tests for aged electrodes. 
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3.2.4 Swagelok T-cell measurements 
Cycle tests were performed at 25°C ambient temperature in an environmental 
simulation chamber (Binder MK53). During the cycle tests current values for the first 
cycle was applied 0.3 mA in 2.0-3.6 V voltage range then following cycles were 
performed with 1 mA current rate in same voltage range.  
3.3 Experimental Design Approach 
In this part of study, cycle tests were performed using different parameters (voltage, 
current, and temperature) in two levels (see Table 3.2). Levels of voltage, and current 
parameters were controlled by BaSyTec cell test system. Temperatures were 
controlled by using environmental simulation chamber (Binder MK53) and oven 
(Memmert UFE500) for 25 °C and 50 °C ambient temperatures respectively.  
In experimental design, a full factorial design was used to determine the ageing 
effect rate on the cell capacity. The goal was to achieve the minimum capacity fading 
of the C-LiFePO4/graphite coin cells. In a full factorial design following steps were 
fallowed,  
(i). Identifying the important factors, which influence capacity fading 
(ii). Finding the limits of the factors identified; 
(iii). Developing the experimental design matrix; 
(iv). Conducting the experiments; 
(v). Analyzing the results; 
3.3.1 Identifying the important factors 
In Figure 1.2 parameters effect the capacity of LIBs is given. Three important 
controllable parameters with two levels were chosen. The first was charge voltage 
coded as parameter A. This parameter is selected because the cathode reactions 
depend on voltage windows applied during cycle tests. High voltage causes high 
capacity but side reactions caused by electrolyte decomposition could be a problem 
[22].  
The second parameter was temperature (coded as parameter B). Studies on LIBs 
showed that temperature affects ageing mechanisms. Because the reactions and 
diffusion kinetics depend on working temperature [16, 55].  
Previous studies on the ageing mechanisms were showed that SEI formation, which 
is the film formed on the electrode surface during intercalation, is completed in the 
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first cycle substantially [4]. For this reason, in our study the first cycle was made by 
using a low current value for all the coin cells. The last parameter was chosen to be 
current denoted as C.  
In order to eliminate effects of assemble process on the experiments and to kept other 
parameters constant all assembling procedures were carried out under the same 
conditions.  
The dependant parameters was chosen to be capacity fadings in percent. The capacity 
fadings were calculated by considering the 21 cycles without the first cycle capacity 
values due to the SEI formaton in first cycle gives unreliable results on the capacity 
value. 
3.3.2 Determination the factor levels  
In literature, typical minimum operating voltage ranges in between 2.1 to 2.5 Volts, 
normal or nominal voltage range is 3.0 to 3.3 Volts and a maximum operating 
voltage range changes in between 4.1 to 4.2 V. Typically a LiFePO4 cell is fully 
charged at 3.65 - 3.7 V [52]. To determine the upper and lower level for the first 
parameter chosen, charge voltage (factor A), an experiment was made. In a coin cell 
during cycling voltage was changed in between 2-3.6 V and 2-4 V. This voltage 
change was given in Figure 3.5. In this study, discharge voltage was kept constant as 
2 V. The upper and lower levels of charge voltage were determined to be as 3.6 V 
and 4 V respectively. 
Figure 3.5 : Voltage effect on the capacity of coin cell during the cycle process. 
Voltage Increase  
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The levels of application temperatures (factor B), which are very important for cell 
thermodynamics, were taken as 25°C and 50°C for lower and and upper limits. The 
upper level was determined considering the decomposition temperature of the 
electrolytes used in the cells. Generally, this temperature is about 60°C [16].  
In the first cycle current (factor C),  was taken as 0.3 mA and 1 mA for low and high 
levels respectively, After the first cycle, 20 cycles were performed with 1mA charge 
and discharge currents.  
The notations, units and their levels chosen were summarized in the Table 3.2. 
Table 3.2 : Control parameters and their levels. 
No Parameters Notation Unit Levels 
  Low   High  
1 Charge Voltage A V  3.6  4.0 
2 Temperature B °C 25  50 
3 First Cycle Current C mA 0.3  1.0 
3.3.3 Selecting Experimental design matrix  
For three parameters and two levels, there are two options in factorials design 
method. One is 2
3-1 
the other is 2
3
. In this study, instead of using partial design we 
have decided to use a full factorial design in order to see the main and interaction 
effects of the parameters chosen. Therefore, the number of experiment is determined 
to be 8. In Table 3.3 a 2
3
 full factorial design matrix and with coded values and real 
Figure 3.6 : Temperature effect on the capacity of coin cells during the cycle process. 
Temperature Increase  
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values was given. In the table the maximum and minimum values were coded as 
“+“and “-” respectively is seen. 
Table 3.3 : Experimental design matrix with coded and real values. 
3.3.4 Conducting the experiments  
Experiments were carried out considering the design matrix in random order to avoid 
possible experimental errors. Each experiment was replicated three times. The total 
of 21 cycle tests were performed but only the first cycle current was altered. The 
ANOVA analyses were made by using Minitab
®
 software on results.  
3.4 Characterization 
3.4.1 Raman spectroscopy analysis 
Raman measurements were executed to characterize the carbon coating of the C-
LiFePO4 cathodes. These measurements were conducted under argon atmosphere by 
using green laser beam with 532 nm excitation wavelength at 5 mW power by 
Bruker Neos Senterra micro-analysis system.  
Different measurements (approximately 25) were chosen for each cathode material to 
get reliable results due to unequal surface morphology of C-LiFePO4 as seen in 
(SEM) image of C-LiFePO4 after 500 cycles (see Figure 3.7). 
Expt. 
No. 
Coded Value  RealValue 
A B C 
 Voltage 
Range in V 
Temperature 
in °C 
First Cycle 
Current in mA 
1 -1 -1 -1  2.0-3.6 25 0.3 
2 +1 -1 -1  2.0-4.0 25 0.3 
3 -1 +1 -1  2.0-3.6 50 0.3 
4 +1 +1 -1  2.0-4.0 50 0.3 
5 -1 -1 +1  2.0-3.6 25 1.0 
6 +1 -1 +1  2.0-4.0 25 1.0 
7 -1 +1 +1  2.0-3.6 50 1.0 
8 +1 +1 +1  2.0-4.0 50 1.0 
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3.4.2 X-ray diffraction analysis 
C-LiFePO4 cathodes were vacuumed in polyethylene bags before (see Figure 3.8) 
XRD measurements. XRD investigations were performed by using X-ray diffraction 
(Panalytical Empyrean) with Cu Kα radiation (λ=1.54056 Å) was used. The XRD 
data were collected in a range of 5-70
o
 with a step size of 0.105
o
 and a count time of 
350 seconds per step under normal atmosphere. Each measurement took 15 minutes 
and XRD results were refined by Rietveld method using HighScore Plus software. 
Figure 3.8 : C- LiFePO4 electrodes, which were vacuumed in polyethylene bag. 
Figure 3.7 :  SEM image of LiFePO4 cathode material after 500 cycles. Different surface 
morphology, which could be responsible different peaks in Raman shifts, can 
be seen. 
52 
3.4.3 Scanning electron microscopy analysis 
SEM (Scanning Electron Microscopy) analysis were applied on the surface of the 
fresh and aged cycled C-LiFePO4 cathode materials after 100, 300, 500, 600, 1000 
cycles in order to characterize the morphology of the cathodes using JEOL JSM 
7000F Field Emission Scanning Electron Microscope by applying 10kV. 
3.4.4 Electrochemical impedance spectroscopy analysis 
Impedance measurements were performed by Zahner Zennium electrochemical work 
station in the frequency range from 10 mHz to 100 kHz by using galvanostatic mode 
at 1mA current. 
In coin cells measurements was made by two electrodes and in the case of Swagelok 
T-cells three electrode were used. C-LiFePO4 was working electrode and metallic 
lithium was used as a reference electrode as seen in Figure 3.9. 
In order to see temperature effects on the impedance of the C-LiFePO4 cathodes. Full 
coin cells, had been tested in DoE using 1 mA current in 2.0-3.6 V range to be 25
o
C 
and 50
o
C temperature values for 21 cycles, were used . 
Figure 3.9 : Impedance measurement of Swagelok T-cell. 
Reference electrode 
Counter electrode Working electrode 
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4. RESULTS AND DISCUSSIONS 
4.1 Cycle Tests Results  
Cycle tests were conducted to age the batteries and capacities were calculated to 
understand the capacity changes during the cycling tests. A part of current and 
voltage data recorded during one of cycle tests is shown below in Figure 4.1 . In this 
graph, steps of one cycle test are labeled a through d. Charge and discharge zones are 
labeled as “a” and “c” respectively and resting periods are represented by “b” and 
“d”. The voltage response of LIBs produced by current pattern applied during the 
cycle tests. 
The first plateau observed around 3.5V is characteristic of the Fe
2+
/Fe
3+
redox 
potential vs. Li in LiFePO4 (Equation 4.3). In resting between charge and discharge, 
potential reduces to the nominal open-circuit voltage (3.2 V) between C-LiFePO4 
and graphite anode. With discharging, second plateau observed at 3.2 is 
characteristic nominal open-circuit voltage of the C-LiFePO4/Graphite LIBs. After 
discharge, potential increases to nominal voltage on the resting. These plateaus are 
indicative of two-phase reaction, contains LiFePO4 and FePO4. These reactions occur 
in the cathode (Equation 4.1) and in the anode (Equation 4.2). Anode and cathode 
reactions in the C-LiFePO4/Graphite LIBs can be indicated in one reaction as seen in 
Equation 4.3. 
Figure 4.1 : Current and Voltage as a function of time in charge/discharge conditions: 
a).charge, b) resting between charge and discharge, c) discharge, d) resting 
end of the cycle. 
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4.1.1 Preliminary tests results 
As seen in Table 4.1, cycle tests using 0.3 mA charge/discharge current at 2-3.6 voltage 
range reached around 2.2 mAh capacity, cycle test using 2 mA charge/discharge current 
at 2-3.6 voltage range, reached only to 0.22 mAh capacity. This indicates that increase in 
current affects the capacity of the cell negatively (see Figure 4.2). Also in the first 
cycle, differences between charge and discharge specific capacities can be seen. 
Specific charge capacity values are more than discharge and this could be related 
with SEI formation in the first cycle. Because, the consumption of the active lithium 
ions after first charge in the reversible cathodic reaction in the LIBs (Equation 4.1) 
leads to decrease of discharge capacity.  
On the other hand, increasing voltage leads to an increase in the capacity of the cell as 
observed in the 6th and 7th tests. These tests have the same current values (1 mA) but 
charging voltages change 3.6 V to 3.8 V. This change leads to an increase in the capacity 
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Figure 4.2 : Charge/discharge specific capacity of C-LiFePO4 as a function of cycle number   
at different charge/discharge current densities. 
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around 1.15 mAh to 1.7 mAh. The similar result in the current change leads to high 
capacity. Also 13th and 14th test indicated similar behavior in capacity. This merely 
indicates that increasing voltage affects the capacity of cell positively. 
Table 4.1 : Preliminary tests to determination values for ageing cycle tests. 
Test 
Charge 
Current 
in mA 
Discharge 
Current  
in mA 
Voltage 
Range 
in V 
Charge 
Capacity 
in mAh 
Discharge 
Capacity  
in mAh 
Cycle-
count 
Average time 
for one cycle  
in h 
1 0.3 0.3 2-3.6 2.2 2.1 15 16 
2 0.3 0.3 2-3.6 2.22 2.28 15 16 
3 0.3 0.3 2-3.6 2 2.1 15 15 
4 0.3 0.3 2-3.6 1.88 2 15 14 
5 0.6 0.6 2-4.2 2 2 100 7 
6 1 1 2-3.6 1.15 1.12 19 2.5 
7 1 1 2-3.8 1.7 1.7 6 4.1 
8 1 1.5 2-3.6 1.1 1.1 22 2.1 
9 1 2.5 2-3.8 1.5 1.5 100 2.3 
10 1.5 1.5 2-3.6 0.5 0.5 46 0.6 
11 2 0.5 2-3.6 0.34 0.34 100 1.1 
12 2 0.5 2-3.6 0.27 0.27 100 0.9 
13 2 1 2-3.6 0.15 0.148 100 0.2 
14 2 1 2- 4.0 1.21 1.18 150 2 
15 2.5 1 2-3.8 0.555 0.55 100 1 
16 2 2 2-3.6 0.22 0.22 100 0.5 
As a result of the preliminary tests, charge/discharge current is determined to be 
1mA.  The voltage range for ageing tests were chosen as 2-3.6 V. 
4.1.2 Cycle tests  
4.1.2.1 Coin cells 
Specific capacities of carthode for each experiment were calculated by using 
Faraday’s law (Equation 4.4).  
C        = 
i   A          
      
  A    (4.4) 
where i is the current density in A/m
2
, A the area in m
2
, tcutoff is the time to reach the 
cut off potential (Vcuttoff) in seconds and W is the weight of the cathode active 
material, , which has lower capacity than anode, determined the capacity of the full 
cell, in kg(0.0194x10
-3
 kg) [53]. Because of the high charge/discharge rate (1C), 
specific capacity was observed lower than theoretical capacity (170 mAh/g) in cycle 
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tests as a result of the Peukert effect, which describes capacity decrease in batteries 
with increasing current according to Equation 4.5. Peukert Law takes into account 
the internal resistance and the recovery rate of a battery to calculate capacity when 
loaded at various discharge rates. [27].  
C= I ή t (4.5) 
where C is the capacity of battery (Amp hour) for a constant load of I amperes, ή is 
Peukert’s constant (depends on battery chemistry), and t is total time required to 
discharge battery. 
Table 4.2 : Cycle tests and reached specific capacities with capacity fades. 
Cycle 
Number 
Max. Charge 
Capacity 
in mAh 
Specific  Charge 
Capacity 
in mAh/g 
Total Time 
in h 
Charge Capacity 
Fading (%) 
100 
0.91 46.9 211 13.31 
0.94 48.45 213 -25.79 
0.70 36.08 162 0.00 
200 
1.27 65.46 561 6.02 
1.24 63.91 514 16.23 
300 
1.32 68.04 857 8.98 
1.36 70.1 808 22.10 
1.15 59.28 703 18.85 
400 
1.31 67.53 1092 18.67 
1.32 68.04 1053 27.22 
500 
1.33 68.56 1151 42.27 
1.39 71.65 1367 28.18 
600 
0.94 48.45 1158 28.54 
1.08 55.67 1142 41.20 
700 
0.86 44.32 1014 57.80 
0.93 47.94 1016 49.04 
   1000 0.83 42.78 1242 58.89 
 
Since the ageing mechanisms of LIBs are non-liner and dependent, it is rarely 
possible to isolate one mechanism at a time and to test its specific dependence on the 
ageing effects of the cycling were observed as capacity fading as expected. This 
capacity fading in the coin cells were measured using capacity differences of cells 
between the first and the last cycle. 
However, contrary to expectation, a capacity increase was observed in the first 
period of cycling tests as seen in the Figure 4.3. Voltage/current curves as a function 
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of time at different cycle numbers were also presented in this figure. In the first 
cycle, voltage curve started from 0.42 V, because the potential of LIB did not reach 
nominal capacity after assembling. Besides, charging time was obtained 67.06 
minutes, which is more than that of discharging time (54.17 minutes) as result of SEI 
formation in the first cycle. This positive difference between charge and discharge 
times up to 45
th
 cycle could be the reason of the capacity increase. At 45
th
 cycle, 
charging and discharging times were obtained almost similar and the cathode 
material reached its highest capacity. After 45
th
 cycle, discharging time was 
measured more than charging time and the specific capacity of C-LiFePO4 began to 
decline as a result of this changing. As seen in the 200
th
 cycle, charge time decreased 
and discharge time increased. This changings in the charge/discharge time was found 
to be related to capacity fading. 
This capacity increase in the beginning of the cycle tests might be originated from 
two following reasons:  
First reason could be unstable SEI formation on electrode materials. SEI formation 
starts with first cycle because of the decomposition of components and it grows until 
Figure 4.3 : Charge/discharge specific capacity of C-LiFePO4  with Current and Voltage  
curves as a function of cycle number at 1 mA charge/discharge current.  
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the steady-state thickness, which is sufficiently thick to prevent electrolyte 
components. 1C is high current value comparing with common LIB applications and 
it makes stable SEI formations in limited value until particular cycle count, where the 
capacity starts to decrease. 
Second reason could be related to lithium displacement model. All 
intercalation/deintercalation models include LiFePO4/FePO4 double phases, and this 
phase transformation could not occur fully in the cycle tests with high current density 
until the end of the capacity increase. Therefore, amount of active lithium ions in 
intercalation systems of active material was able to increase at the same time with 
growing rate of this phase transformation. As illustrated in the Figure 4.4 , this 
system could be a reason for capacity increase at the beginning of the cycle tests. 
This capacity increase was eliminated with increasing charge/discharge current rate 
or temperature decrease, which activates movement of lithium ions in the 
intercalation sytem [20, 21]. 
Figure 4.5 shows the capacity usage in percentage for each cycle test. Each point 
represents one coin cell. The capacity fading of charge and discharge capacities were 
almost similar. It could be related to the reversible reaction (Equation 4.1) of C-
LiFePO4 cathode material with lithium during intercalation/deintercalation. 
Charge/Discharge capacity retention ratio in percent fades with increasing cycle 
numbers simultaneously as expected (see Figure 4.5). Besides, raise in decline of the 
capacity retention ratio was observed after 200 cycles. This changing could be 
related with the storage effects during cycling, which arise with increasing cycle 
time. But this decreasing of the capacity retention ratio was observed close to each 
other at 700 cycles and 1000 cycles. It could be related components properties of the 
Figure 4.4 : Ilustiration of the current affect on the lithium movement in LiFePO4. 
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LIBs, reaches lower quality with cycling and after high number of cycles, it does not 
change substantially as observed beginning of cycle tests. So changing in 
charge/discharge capacity retention ratio slows down in high cycle numbers. 
4.1.2.2 Half cell measurements 
Figure 4.6 indicates specific capacity change during the discharge for aged C-
LiFePO4 (after 200 cycle) and graphite electrodes (after 200 cycle). Specific 
Capacity of 153.673 mAh/g was observed for aged C-LiFePO4 cathode as seen 
Figure 4.6-a. The specific capacity for the aged graphite was obtained as 312.019 
mAh/g (see Figure 4.6-b.) Consequently, the full cell capacity was limited to the 
capacity of the cathode material, which has low lithium capacity than graphite anode.  
Figure 4.5 : Charge/Discharge capacity retention ratio (%) vs. cycle number relation during 
galvanostatic cycling in the potential range 2.0–3.6 V at 1C rate. Each point 
represents one coin cell.  
Figure 4.6 : Specific discharge capacity of the aged electrodes: a) C-LiFePO4, b) graphite. 
(a)                                                             (b) 
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Half-cell measurements also indicate that the capacity fading of LIBs depends 
lithium loss during intercalation [5]. Because observed specific discharged capacity 
after 200 cycles for C-LiFePO4 in half cell measurement is more than specific 
discharge capacity reached in first cycle of the full cell (see Figure 4.7). This 
indicates that the consumption of lithium ions is the main reason for the capacity 
fading of LIBs. This consumption could be related to the oxidation reaction of 
lithium, which forms Li2CO3 [7]. In addition, decomposition products of the LiPF6 
electrolyte could react with lithium ions [6] and this can be another reason for 
lithium consumption. 
4.1.2.3 Swagelok T-cell 
Capacity results of the Swagelok T-cells were obtained close to the capacity of the 
coin cells. However, the capacity fadings of the T-cells were observed as 60.27 % 
after 250 cycles and for the coin cells, it was around 20 % after 250 cycles. This 
unexpected result could be related with the design of Swagelok T-cells.  
4.2 Raman Investigations 
As seen in Figure 4.8-a, D band and G band can be seen in the wave length of 1335 
cm
-1
 and 1597 cm
-1
 respectively. A peak for PO4 olivine structure in the C-LiFePO4 
can be perceived in 945 cm
-1
. Nevertheless, along with these three main peaks some 
new peaks were determined after cycle tests (see Figure 4.8-b). These new peaks 
could be the result of the decomposition products of electrolyte and electrode.  
Figure 4.7 : Specific discharge capacity changing of LiFePO4 in first cycle at 0.3 mA  
discharge current in LiFePO4/Graphite full cel measurement. 
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Measurements were performed on the different points, which stand for different line 
colors in the Figure 4.8. 
Intensity values of D bands and G bands were measured by using average intensities 
for each sample. IG/ID ratios calculated using these average intensities .Increasing 
cycle numbers, the ratio of IG/ID for each sample decreases as seen in Figure 4.9. 
This means, increasing cycle numbers is assumed to affect the quality of the carbon 
coating negatively according to the Equation 2.6, which could influence the 
electronic conductivity of the cathode material [44]. This changing on the carbon 
coating also affects the conductivity as well as capacity of the cell in a negative way. 
Figure 4.8  :  Raman spectroscopies of C-LiFePO4 electrodes: a) Initial electrode b) After 
1000 cycles. Each line with different color represents different points on the 
cathode material.  
(a) 
(b) 
Graphite (G) Band 
Disorder (D) Band 
Olivine (PO4) Band 
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This quality drop of the carbon coating could be related to brittle structure of carbon, 
which might be deformed after lithium movements through it.  
The results of Raman measurements could originate from surface degradation of C-
LiFePO4 after lithium intercalation. Internal stresses of carbon coating could be 
another reason for quality fading in carbon coating. 
4.3 XRD Investigations 
XRD spectra of the C-Li(1- ε)FePO4, where ε is close to zero, are conditional by the 
different SOC as seen in the Figure 4.10. This means lithium intercalation leads to 
changes on the crystal structural and this measurement was performed to perceive 
these changes of the crystal structure and its possible effect on the performance of 
LiFePO4.  
In Figure 4.10, the XRD pattern of fresh C-LiFePO4 clearly shows ideal 
orthorhombic olivine structure (JCPDS card no. 01-074-9597). Additional peak at 
27◦ two-theta related with carbon coaing, which used to improve electrical 
conductivity, was also observed. After charging of C-LiFePO4/Graphite battery to 
40% SOC, split in the XRD pattern of C-LiFePO4 was observed due to phase 
transformation to new Li-deficient Li~06FePO4 phase as result of cathodic reaction 
(Equation 4.1) and solid solition of the two phases of LiFePO4 and FePO4 could be 
also found on this charge level. Then, full charged C-LiFePO4 phases transformed to 
Figure 4.9 : Intensity ratio analyses (IG/ID). The intensity is calculated using the average 
intensity of the respective cycle test.  
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FePO4 (SOC 100%) (JCPDS card no. 98-005-9353). During charge and discharge, 
characteristic peaks at 35.7
o 
and
 
17
 o
 two-theta are changing depending on the SOC 
level. This changing during the cycling leads to reversible size changing in the 
crystal structure, which could cause internal stress and fatigue in the C-LiFePO4 
olivine structure [12]. This results could be reason for micro deformation in C-
LiFePO4,which lead to  capacity fading and power loss. Also this internal stress and 
fatigue could be the reason of conductivity decrease of the carbon coating, which is 
identified by Raman spectroscopy. 
The XRD patterns of C-LiFePO4 in different cycles were present in Figure 4.11. 
Some intensity differences at 17.16
o
 were observed. Thermal effects could cause 
changes in the crystal structure and in the particle shape of LiFePO4 and this 
intensity differences at 17.16
o
 could be related with thermal effect of the laser 
applied during Raman investigation [56]. Also different SOC level of the cells after 
discharging or/and contamination on the cathode surface after disassembling, could 
be related with this intensity differences. Niggardly shifts of peaks and some changes 
in the full width at half maximum (FWHM) were also observed after cycle tests. 
These could be result of the irreversible size changes and strain increases in the 
structure of the C-LiFePO4. 
Figure 4.10 : XRD patterns obtained at different states of charge (SOC) level of                    
C-Li(1- ε)FePO4, where ε is close to zero. 
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b a 
Figure 4.12 : SEM micrographs of inial C-LiFePO4 cathode material: a) 7500X, b)750x. 
4.4 SEM Investigations 
Figure 4.12 presents SEM micrograph of initial C-LiFePO4, which has unstrained 
structure as seen in Figure 4.12-a, homogeneous and undeformed surface 
morphology of initial C-LiFePO4 can be easily seen in Figure 4.12-b.  
A series of SEM images of the aged C-LiFePO4 cathode materials are presented in 
Figure 4.13 in order to show ageing effects on the surface and grain morphology. 
Figure 4.13-b present macro cracks on the 100-cycled C-LiFePO4 sample. These cracks 
can be a result of physical forces applied during assembling and/or disassembling 
processes because width, length and depth of the crack is larger than expected crack size 
that is thought to be because of the internal stress (Figure 4.14), which take places during 
the intercalation process. In addition, other images of surface morphology (Figure 4.13-
d, f, h and j) do not have these kind of cracks. 
Figure 4.11 : XRD pattersn of C- LiFePO4 after different cycle tests. 
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Figure 4.13 : Representative SEM micrographs of aged C-LiFePO4 cathodes: a) 100 
cycled/x7500 b) 100 cycled/x750, c) 300 cycled/x7500 d) 300 
cycled/x750, e) 500 cycled/x7500, f) 500 cycled/x750, g) 700 
cycled/x7500 h) 700 cycled/x750, i) 1000 cycled/x7500, j) 1000 
cycled/x750. 
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Grain size distribution and mean grain size were analysed by using SPIPTM6.0.9
TM
 
image analysis software in the SEM imagines of each sample as seen in Figure 4.15. 
In this analysis, 100 grains were selected by drawing grain boundaries to take 
average result.  
The results of grain size distribution analyses on the initial samples, taken from 
image analysis software, are given below. 
Figure 4.14 : Macro crack structure of 100 cycled C-LiFePO4 carhode material. 
8400 nm 
3800 nm 
Figure 4.15 : Grain size distribution analysis of initial C-LiFePO4 using SEM image. 
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As seen in the Figure 4.17, the sizes of the particles are changing within a certain 
range but mean size is around 600 nm. Figure 4.16 gives the particle size distribution 
and number of cycle relations. This figure indicates that there is almost no change in 
particle size even in 1000cycles. Hence, ageing mechanisms do not have any 
significant effect on the grain size as obtained in the XRD investigation. 
On the other hand, some deformations on the grains such as micro crack and surface 
degradations were observed after cycle tests. Figure 4.18-a presents the SEM image 
of initial C-LiFePO4, which has undeformed grain structure. Nevertheless, after cycle 
Figure 4.17 : Grain size distribution of initial C-LiFePO4 cathode material. 
Figure 4.16 : Box plot for the particle size distribution of C-LiFePO4 after different cycle 
count. Solid square boxes indicate mean value of the particle size and blue 
spots indicate maximum and minimum particle sizes. 
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tests, surface degradation on the particles can be seen easily. Figure 4.18-b and c 
show grains morphology after 100 cycles and 300 cycles respectively. Surface 
degradation on the grains can be seen in and these derations could be the reason for 
micro cracks that are seen in the Figure 4.18-d, which is belong to the 500 cycled 
electrode. 
In conclusion, the movement of the lithium ions during intercalation/deintercalation 
leads to the volume changes niggardly as described in the XRD investigations and it 
is not enough for structural deformation but it might cause internal high strain, which 
can be a reason for structural deformation and micro cracking. These micro cracks 
could lead to poor electronic contact in the electrode, and eventually capacity fading. 
In addition, this deformation could be related with the quality fading of the carbon 
coating obtained in the Raman measurements [12]. 
Figure 4.18 : The SEM images of C-LiFePO4: a) before cycling, b) surface degradation after 
100 cycles, c) surface degradation after 300 cycles, d) micro crack after 500 
cycles. 
a b 
c d 
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4.5 EIS Investigations 
Figure 4.19 indicates that, impedance of full cells (coin cells) increase with 
increasing cycle count as expected. This impedance changing at the first semi-circle 
is related with lithium ion migration resistance through surface film formed on the 
electrodes [4]. That is why this increment could be related to the SEI formation, 
conductivity reduce on the electrodes surface or the loss of electrode active material.  
However, these changings of impedance could be originating from the cathode 
and/or anode electrodes. EIS measurements with reference electrode were performed 
in order to find out which electrode is the main reason for the increasing of the cell 
impedance. 
As seen in Figure 4.20, Nyquist plots have almost similar first semi-circles at high 
frequencies, which represent working electrode, which is the cathode material in 
these measurements. This similarity in the first semi-circles among cycled cells could 
be originated from passivation film on the LiFePO4 and/or impedance characteristic 
of C-LiFePO4. Passivation film (SEI) on the LiFePO4 could be related to steady-state 
thickness of this film, which do not grow and not increase the impedance of the 
cathode even if cycle counts increase. Second and the most acceptable reason could 
be the impedance characteristic of the C-LiFePO4, which could not change with 
increasing cycle numbers. Both results indicate that impedance increase in the LIBs 
with increasing cycle counts could not be related with C-LiFePO4 cathode material. 
In addition, impedance values of these semi-circles are close to full cell 
measurements and this indicates that the main reason of impedance in LiBs is the 
cathode material as described in literature [48]. 
0
50
100
150
0 50 100 150 200 250 300 350 400
- 
Im
p
e
d
an
ce
 I/
O
h
m
 
Impedance R/Ohm 
Figure 4.19  :  Impedance – capacity fading (%) relation for coin cells. Real impedance 
increases with increasing capacity fading. 
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In the Nyquist plots of three electrode EIS measurements (see Figure 4.20), second 
semi-circle at low frequency, which represents charge transfer resistance, was 
observed [48]. This second semi-circle enlarges with increasing cycle count. This 
could be the result of the lithium ion decrease in the electrochemical system of LIB 
with increasing cycle numbers so that the charge transfer resistance increase. In 
addition to this, SEI formation on the anode surface could be another reason to 
reduce of intercalated lithium atoms in electrodes, as well as increasing of charge 
transfer. Apparently, this change in the system reduces charge transfer in the LIBs 
and it could affect to the shape of the second semi circles. 
Temperature increase takes part as an activator for electrochemical and diffusion 
reactions, which take place in the full coin cells during cycling. As a result of the 
cycling test this activation leads to a capacity rise. However, at the same time an 
increase seen in the impedance of the cell with temperature. This increase could be 
the result of an increase in the amount of reaction products, which accelerates 
formation of the SEI [16].  
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Figure 4.21 : Temperature effects on the impedance. Increase of the semi cycle with the 
increasing temperature indicates the increasing of the SEI formation. 
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Figure 4.20 : Impedance changing of the half-cell with cycle count in high current half-cell 
experiments. Second semi-circle at lower frequencies, which corresponds to 
the charge transfer, enlarges with increasing cycle counts. 
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4.6 Design of Experiments 
The capacity fading were calculated in percentages by using capacity differences of the 
second and the 21st cycles. The first cycle capacity results are not included to this 
calculation because of the capacity increase seen mainly due to possible SEI formation. 
The design matrix and the corresponding responses are given in Table 4.3. 
Table 4.3 : Design matrix and corresponding output responses. 
4.6.1 The effects independent factors  
Minitab® software was used to determine the effects of parameters chosen. The average 
results were taken for Regression analysis given in Table 4.4. This table shows that 
parameter B (temperature), C (current) and the interaction between temperature and 
current (BC) have significant effect on the capacity fading. Added to this, A (Voltage) 
and AB (Voltage-Temperature), AC ( Voltage –Current) and three way interaction, ABC 
(voltage-temperature-current) have insignificant effects on the capacity fading. The 
parameters, which have a low effect, were eliminated to prosecute the analysis of 
variance (ANOVA).  
Table 4.4 : Estimated effects and coefficients for capacity fading. 
Term Effect Coef 
Constant  4.84 
A 0.05 0.02 
B -12.74 6.37 
C -12.04 -6.02 
A*B -1.560 -0.80 
A*C 6.59 3.29 
B*C 8.12 4.06 
A*B*C -6.19 -3.09 
Expt
. No. 
Coded Value  Experimental Results 
A B C 
 
 
 
Average of 
Reached Max. 
Capacity (mAh) 
Capacity 
Fading 1 
(%) 
Capacity 
Fading 2 
(%) 
Capacity 
Fading 3 
(%) 
Average of 
results 
(%) 
1 -1 -1 -1  2.34 5.91 10.36 26.03 14.10 
2 +1 -1 -1  2.82 17.13 -7.29 -0.90 2.98 
3 -1 +1 -1  2.40 11.78 14.95 16.80 14.14 
4 +1 +1 -1  3.03 10.87 12.01 13.67 12.19 
5 -1 -1 +1  1.09 -23.96 -17.73 -14.77 -18.82 
6 +1 -1 +1  2.32 -3.15 -3.19 -6.86 -4.40 
7 -1 +1 +1  1.43 14.19 3.01 1.04 9.82 
8 +1 +1 +1  2.78 2.03 13.74 10.24 8.67 
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Figure 4.22 : Main affects plots for capacity fading. 
In Figure 4.22 the effect graphs are seen for each parameter. It indicates that voltage 
does not have any effect on the capacity fading. On the other hand, high current and 
low temperature results in a decrease in the capacity fading.  
After elimination, the ANOVA was performed (Table 4.5). In the ANOVA, 
temperature (B) and Current (C) seen to be very effective. BC interaction has a less 
effect on the capacity fading. This interpretation is made by taking the p values 
account. The p values should be close to 0.05 considering 99.5 % confidence level. 
The R
2
 and R 
2
 adjusted values are found to be 81 and 67 respectively. These values 
are considered to be fairly close to each other.  
Table 4.5 :  ANOVA analysis of the experiment results without A parameters and A 
interactions.  
 
Source DF Seq SS Adj SS Adj MS F p 
Main Effects 2 614.52 614.52 307.26 7.3 0.04 
B 1 324.79 324.79 324.79 7.72 0.05 
C 1 289.73 289.73 289.73 6.88 0.05 
2-Way Interactions 1 131.85 131.85 131.85 3.13 0.15 
B*C 1 131.85 131.85 131.85 3.13 0.15 
Residual Error 4 168.39 168.39 42.1   
Pure Error 4 168.39 168.39 42.1   
Total 7 914.76     
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5. CONCLUSIONS  
In this study, the ageing behavior of the C-LiFePO4 is investigated and following 
conclusions are made; 
 Preliminary test results indicate that an increase in the charge voltage and a 
decrease in charge/discharge current lead to an increase at the cathode 
capacity.  
 Unexpected capacity increase has been seen at the first period of cycle tests. 
This behavior has been linked to SEI formation or/and limitation of the 
amount of active lithium ions in intercalation system, in consequence of high 
current used in the experiments (1 mA). 
 Results of the half-cell experiments, conducted with aged electrodes, show 
that limiting factor in the capacity of the LiFePO4/Graphite LIBs is cathode 
material. 
 In Li/C-LiFePO4 half cells measurements have shown that 200 cycled C-
LiFePO4 cathode reaches more specific capacity than fresh LiFePO4/Graphite 
LIBs. This result indicates, the consumption of cyclable lithium ions is the 
main reason for capacity fading in the C-LiFePO4/Graphite LIBs during 
ageing process. 
 EIS measurements indicated that the C-LiFePO4 cathode is main reason for 
impedance of the LIBs. This situation could be related with low electrical 
conductivity of this cathode material. On the other hand, C-LiFePO4 is not 
directly related with impedance increase of LIBs.  
 Cycle tests at high-temperature (50 °C) indicate that increasing ambient 
temperature leads to high capacity because of accelerated lithium ion 
diffusion and electrochemical reactions. However, cell impedance increases 
and capacity decreases as a result of side reactions, which cause SEI 
formation. 
74 
 XRD analyses on C-LiFePO4 indicate that reversible phase transformation 
between LiFePO4 and FePO4 causes minor changes on the crystalline 
structure of the C-LiFePO4. After cycles, this could cause an internal stress, 
which could be responsible for micro deformation on the particles of C-
LiFePO4. 
 Raman spectroscopy measurements showed that increasing in cycle numbers 
is assumed to affect the quality of the carbon coating negatively, which could 
influence the electronic conductivity of the cathode material. 
 SEM analyses have showed surface degradation and micro cracks in the C-
LiFePO4. SEM images also indicate that there is no big difference on the 
grain size of C-LiFePO4 with number of cycles.  
 DoE experiments have shown that increasing temperature and current affect 
capacity fading negatively. 
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